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Abstract
In recent decades, many distributed generators have been installed in the electricity
distribution networks, where most of them are renewable energy (RE) systems, such as
solar photovoltaic (PV) and wind energy, which are intermittent in nature. Meanwhile,
on the demand side, increasing electric vehicles (EVs) are increasingly being charged
from the distribution networks at uncertain times in the day. Furthermore, the loads are
continuously being switched in and out of the system. In this scenario, the electric power
systems are experiencing the highest levels of uncertainty in both the generation and the
load demands. The uncertainties in both power generation and load demands can produce
severe challenges to the power system that can lead to brownout and blackout, particularly
during peak demand. Some of the main challenges that need to be tackled are the
intermittent power injections from the renewable energies and the potential of power
unbalance in the electrical grid due to the mismatches in the power generation and load
demands. Unfortunately, the response in the electricity system to tackle all the above
issues is not at the same pace with the increasing integration of the intermittent RE and
EV.
The work reported in this PhD thesis aims to provide solutions to the above-mentioned
significant challenges related to the increasing RE and EV integration, namely the
mitigation of the intermittency of the RE outputs, and to ensure that a power balance is
achieved between the generation and the consumption plus system losses.
In order to achieve the above aims, two technical solutions are proposed in this thesis, (i)
the coordination of the stationary battery energy (SBE) systems to mitigate the
fluctuations due to the intermittent solar PV outputs and (ii) the coordination of the
unpredictable operation of the EV battery (EVBs) systems, that can be considered as
mobile battery energy (MBE) systems, to mitigate the potential unpredictable power
unbalance from the generation and the consumption plus losses.
The thesis presents (i) the problem formulation when integrating the intermittent solar PV
and the unpredictable fluctuating load demands into the distribution system, (ii) a
proposal on how the SBE and MBE can be used to mitigate the problems, and (iii) a
comprehensive proposal on the requirements for allowing a bidirectional power flow with
the electrical grid.
i

The main contributions of the thesis are summarized as follows:
1) A novel concept of the integration of a low cost micro-superconducting magnetic
energy storage (µ-SMES) unit with a residential photovoltaic (RPV) system to mitigate
the PV output power intermittency and to support the grids especially during the
evening peak is proposed. The use of the low-cost magnesium di-boride (MgB2)
superconductor wire is proposed in designing the µ-SMES unit. A robust charging and
discharging control strategy are proposed and simulated for the µ-SMES unit to
mitigate the effects of the PV intermittency on the distribution grids.
2) A power management strategy (PMS) for an integrated RPV and SBE is proposed and
implemented for both grid-connected and islanded operations to take advantage of
time-of-use (ToU) pricing. This is an effective solution to integrate SBE and RE with
the conventional grid to improve the reliability and efficiency of the power system and
to reduce the total electricity cost for the consumer.
3) A power management strategy to mitigate the unpredictability of intermittent solar PV
integration into the power grid is proposed and implemented. The fluctuations of the
solar irradiance can result in the PV power output fluctuations with high ramp-rates.
Traditionally, the SBE is used to smooth out the power fluctuations using the moving
average method or the PV power gradient control. However, these methods can only
smooth out the power at the output of grid inverter without considering the local load.
To address this issue, a power management strategy has been proposed and
implemented with two main operation modes. The load-feeding (LF) mode is proposed
to minimize the grid power consumption by maximizing the local load consumption
from both the PV and the energy buffer unit (EBU). The grid-feeding (GF) mode is
proposed to smooth out the PV output fluctuation and to control the ramp rate to a
desired value when supplying the grid.
4) An efficient energy management approach for the RPV systems to power the EVB
while utilizing the EVB as an MBE is proposed and implemented. The proposed
energy management strategy will help to reduce the unexpected peak power demand
and can help in the implementation of the vehicle-to-grid (V2G) to improve the
stability of the grid during peak load. In addition, the EVB can provide power to the
critical loads in the home when there is a loss of power supply from the grid.
5) A novel design of an on-board electric vehicle charger, which has the capability to
transfer power in both directions, that can be referred to as V2X, where X can be
ii

replaced with home (V2H) or the grid (V2G) has been proposed and implemented. A
dual active bridge (DAB) converter is used with the fully implement by using silicon
carbide (SiC) switching devices. A high-frequency magnetic-link (HFML) made with
amorphous alloy core is used in the DAB converter as the power transfer component,
which inherently ensures the galvanic isolation for the charger.
6) A new universal power connector (UPC) configuration, which can support all possible
connections of the EV applications is proposed and implemented to replace the
traditional electric power plug/connectors.

The traditional electric power

plug/connector for the plug-in electric vehicle (EV) does not support the vehicle-tovehicle (V2V) applications. For the widespread use of EVs, the ability to have V2V is
becoming increasingly important. The power transfer in the proposed universal power
connector is achieved through a magnetic link formed by two magnetic parts (each in
an EV or a charging station) that can serve effectively to achieve V2V, grid to vehicle
(G2V) or vehicle to grid (V2G).
7) A comprehensive investigation of various EVB fast charger topologies. EVB fast
charger topologies play a vital role to increase the penetration of EVs. The different
operation modes of an EVB fast charger are investigated by simulation in this thesis
to help stabilize the grid with high penetration of intermittent solar PV.
All experimental setups have been implemented in the laboratory using the real time
FPGA GPIC (General Purpose Inverter Control) card from National Instruments to verify
the practical feasibility of the proposed research under various scenarios of the PV
irradiation, load fluctuations and the states of charge of the SBEs and MBEs.
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Chapter 1. Introduction
Climate change caused by the increased levels of greenhouse gases (GHG) emission is a
global threat that challenges every country in the world. One of the solutions to mitigate
the effects of the GHG is the use of renewable energy (RE) resources. In the last few
decades, the use of solar photovoltaic (PV) and wind energy resources in Australia has
been increasing with a significant rate. The renewable energy has grown rapidly, and it is
reported that Australia will be generating more than 16 gigawatts of power from wind
and solar energy sources between 2018 and 2020; an average of 220 watts per person per
year that is ten times faster than the world average [25]. To boost the high penetration of
renewables, many programs from the state governments in Australia have been proposed
to support the use of renewable energy systems, for example the Australian Capital
Territory (ACT) has committed to have 100% renewable energy for power generation by
2020, while Victoria and Queensland propose the scheme to achieve 50% renewable by
2030 and South Australia to have 100% renewable energy for power generation by 2025.
The main challenge to increase the penetration of RE to the electrical network is the
transmission and distribution system that were designed long time ago and were not
designed to deal with the explosion of the distributed resources that is being experienced
today. Furthermore, the power intermittency of the renewable energy resources without
the ability to store the generated energy puts the electrical grid at a high risk, particularly
with a high penetration of PV and wind energy.

To increase the penetration of renewable energies in the power grid, there is the need to
expand the transmission and distribution system to allow the sharing of resources when
required. However, currently, it is very difficult to upgrade the existing system, as any
large transmission and distribution projects require a long and tedious environmental
assessment before they can be approved. This is a problem that has not affected only
Australia, but also it affects all other developed countries.

Another solution is to change the power generation system from being centralized, with
a few large power plants to a distributed power generation system, particularly in the
distribution grid. It is now practical to install solar PV systems with power ratings of
several kilowatt in the residential power distribution system. In this way, the consumers
are becoming the prosumers as they can produce parts or all their energy needs.
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In addition, even with the plentiful energy resources, Australia has seen paradoxically
high energy prices, some even suggested that Australia has the highest energy prices in
the world [25]. This hurts households. Due to this, many residential customers have
installed rooftop solar PV with the help of the government subsidies or incentives to
reduce their high electricity bill. However, the installed rooftop solar PVs are connected
with the existing distribution grid and the natural intermittency of the PV energy sources
can produce unexpected negative impacts to the distribution grids. Due to this
intermittency, the power generated by PV may not be dispatched in time when the grid
requires an instantaneous power balance between the generation and consumption to
maintain a reliable operation. This poses a barrier for the high penetration of residential
solar PV. One solution that can mitigate the impact of the intermittent power generation
from the solar PV is to store the excess energy from the PV. Due to the decreasing cost
and the improving battery technologies, it is now possible for the prosumers to integrate
a small battery storage unit with their rooftop solar PV to enhance their self-sufficiency.
Another way to cope with the climate change is to deploy electrification in the transport
sector, with the introduction of electric vehicles (EV). When the EVs are charged by the
electric power outputs of the renewable energy sources, the GHG emissions can be
reduced and hence the climate change can be mitigated. Moreover, the EV batteries have
a potential to mitigate the power intermittency from the PV, as they can be considered as
mobile storage units connected to the distribution grid. However, such implementation
requires innovative and smart power control strategies that can actively control the
charging and discharging of the EV batteries, while at the same time use a part of the
energies of the EV batteries to mitigate the intermittency of the solar PV power output
and to help buffer the fluctuation of the individual household load demand and in a small
way help to balance the generation and the load demand of the power grid. This novel
combination of PV, EV and distribution grid will have the potential to change how
electricity is produced and consumed: from centralization to distribution.
Along with the increasing use of the distribution energy generation, the concept of smart
grid has been introduced, that allows the use of millions of smart sensors that can
communicate with each other, and in many ways, and this can be considered as the
solution to enhance the integration of the distributed resources into the existing electrical
grid. By knowing exactly how much energy is used by the individual customer and its
corresponding price, each customer can minimize the use of energy from the grid or lower
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the electricity bill by avoiding the peak time price, while ensuring the security and
reliability of the national grid system. In order to achieve this target, the EV connection
plays a key role in the smart environment, to take advantage of the varying electricity
price.
Recently, the concept of vehicle-to-X has been proposed and in some limited manner has
been implemented, where X can be anything that can exchange energy with EV such as
the grid in the form of vehicle-to-grid (V2G), the home load, in the form of vehicle-tohome (V2H), another EV in the form of vehicle-to-vehicle (V2V), the stationary battery
storages in the form of vehicle-to-energy storage (V2E). V2G and V2H have been
proposed, investigated and implemented in a limited manner, because bi-directional
chargers are required for these applications, but they are not currently widely available.
By applying this concept of EV interconnections, together with the available residential
PV power generation, a residential owner can move from buying all electricity from the
grid to partly be self-sufficient or be fully self-sufficient in meeting the electrical energy
need, and excess energy can be sold to the grid whenever there is a surplus. This enables
the consumers to take an active part in the electrical energy system.
1.1
1.1.1

Problems Definition and Research Motivation
Limitations of the residential solar PV systems

Solar photovoltaic (PV) systems can deliver energy directly to the end users, and the price
of the solar PV panels has continuously decreased to the point that it is now economical
to install a rooftop solar PV in the residential home. With this advantage, the installation
of the residential solar PV systems has increased significantly, particularly with the
incentives/subsidies by the government and nongovernment bodies. However, the high
penetration of the intermittent solar PV systems coupled with the unpredictable power
fluctuations in the load demand can make the distribution grid harder to control. The high
penetration of the intermittent PV power outputs can produce voltage flickers, voltage
fluctuations, and over-heating of the distribution transformers, reverse power and
unexpected overvoltage when there is excess power during the noontime, when the sun
irradiation is the highest and the residential home load demand is the lowest.
1.1.2

The need for an efficient energy storage of the residential solar PV systems

To mitigate the effects of the solar PV power fluctuations and the unpredictable variation
3

of the load demands, an energy storage device (ESD) can be used to absorb/generate
power to compensate for these unpredictable variations [3].
Conventionally, the types of energy storage devices used in the power system are leadacid, nickel-metal-hydride or lithium-ion batteries [4]. However, these types of energy
storages have a limitation in their charging/discharging cycles. In addition, all batteries
are based on chemical materials, and generally they cannot be 100% recyclables. Unlike
the traditional batteries, the Superconducting Magnetic Energy Storage (SMES) device is
made using superconducting wires and it has the potential to be a good candidate for use
in its integration with the solar PV systems due to its high power density and efficiency,
longevity, and a superfast charging and discharging response.
1.1.3

The need for an efficient power management of the residential solar PV
systems

The irregular and stochastic output variations of the solar PV output power due to the
intermittent nature of the sun irradiation leads to uncertainties in the power system
planning and operation, particularly under high PV penetration. The energy storage units
(ESU) such as batteries and ultra-capacitors have the potential to solve the above
problems. However, adding an ESU to the residential PV systems will incur extra cost
and this is not always well received by the PV owners unless it is subsidized by the
government or by the utility companies. This issue needs to be solved by proposing
methods to control the ESU in order to minimize the ESU size and to maximize its
efficiency and utilization.
1.1.4

The need for an efficient management of the EV battery charging in the
residential solar PV systems

The energy buffer unit (EBU) energy can be used to control the intermittent solar PV
output power and its ramp rate at the point of common coupling (PCC), however when
used this way, the EBU does not contribute significantly to the curtailment of the grid
power. This can result in the low utilization of the EBU, because there are times when
there is no significant PV power ramp-rate (i.e. no passing cloud events), then the EBU
will be in the idle mode, while the local loads are being supplied from the grid, resulting
in the increase in the electricity bill. This will not be beneficial or economical from the
end users’ point of view because of the high cost of EBUs. To make it beneficial to the
users, an RPV-EBU system should be able to supply a part of its energy to the local load
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in order to minimize the grid electricity consumption. To solve the problem, an advanced
power management strategy should be proposed for an RPV-EBU system. The PV power
ramp-rate control is activated only when the PV power is being injected to the grid. The
main purpose of the proposed power management strategy is to maximize the use of the
PV and EBU power to supply the local load, such that the power from the grid will be
minimized.
1.1.5

The need for an on-board charger design for the EV battery unit to mitigate
the power fluctuation of the residential PV systems

The literature review shows that the recent research is focused on the EVB applications
at the car park or business buildings, and there are only few reported papers that deal with
the integrated EVBs and HPV systems that can optimize the energy use in a modern home,
(normally have both HPV system and EVs). In addition, the integration and the optimal
control strategies of the EVB into the PV system that had been presented in literature is
only at the system level. Therefore, there is still a research gap at the component level,
where the hardware implementation of the integration of EV battery into the PV system
needs to be considered, especially for residential PV applications.
1.1.6

The need for an on-board charger design for EV battery V2X applications

Most on-board chargers equipped in the EVs currently are only designed to have the
capability of unidirectional power flow. A bidirectional power flow can be designed by
using various bidirectional power topologies for the dc–dc power converter that controls
the charging/ discharging of the EVB.
The development of the next generation of high-frequency power switching devices, such
as the silicon carbide (SiC) metal oxide semiconductor field-effect transistor (SiCMOSFET), which has a wide bandgap, will provide a better performance especially in
high-frequency, high temperature, and high voltage applications, for example in the EV
charger circuit. They will help significantly to reduce the volume of the high power
conversion stages producing a better performance in heating reduction, a smaller
packaging, less conducting losses and a higher power density of the power converter,
and hence significantly increase the viability of the EV charger. Along with the
advancement of the semiconductor devices, new magnetic materials with low specific
core losses and a high saturation induction, such as the amorphous and nanocrystalline
alloys have been commercially developed. The advanced magnetic material and Litz wire
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based high-power density high-frequency magnetic-link could be used to design a
compact, lightweight and efficient charger for EVs.
1.1.7

The need for the design of a magnetic power plug/connector to support all
possible modes of operations for future electric vehicles

In order to cope with the fast pace of EV penetration, the concept of vehicle-to-X (V2X),
where X can be the home loads, or the power grid has been proposed to take advantages
of the EV batteries (EVB). An interesting configuration is the vehicle-to-grid (V2G)
application, which allows EV to be able to inject power into the distribution grid. This
configuration makes the EVB function as a mobile energy buffer in the distribution
networks and thus can actively help the distribution networks mitigating the peak loads.
This energy buffer in the EVB can be used to store a surplus energy or energy at a low
demand and deliver energy back to the distribution grid at a peak demand. In addition,
the V2G functionality can enable EVs to store energy from the renewable energies, such
as solar PV and wind and deliver this energy to the distribution grid or home load at a
peak time. However, in the last decade, the intensive research on the V2X concept has
been mainly focused on the development of the fast dc chargers (Level 3 charger) that are
normally used in the charging stations rather than in the homes. The existing EV charging
plug/connector is designed based on the J1772 SAE/SAE Combo standard. This standard
does not support the function of charging the EV from another EV (V2V). To overcome
this, there is a need to design a new type of EV plug/connector which is suitable for all
possible V2X applications.
1.1.8

The need for designs of the EVB fast charger with different operation modes,
such as the Grid-to-Vehicle (V1G or G2V) and Vehicle-to-Grid (V2G) modes.

The high penetration of EVs can cause severe impacts on the distribution grids, when the
EVs are charged from the fast charging station, which can draw a huge amount of
electricity from the local distribution power system in a short period of time. This can
cause various technical issues, such as voltage regulation, harmonic contamination, and
frequency variations. Therefore, the distribution grids may need to be upgraded to
increase the capacities to meet the new demand from the EV charging, however, this may
take a long time to be approved. Due to this, there is a need to have a smart charging
strategy to mitigate the impacts of the fast charging stations.
1.2

Objectives and Main Contributions
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Based on the problems and research gaps identified in the Section 1.1, the objectives of
the thesis are listed below:
➢ Deployment of a µ-SMES with rating up to several kJ for integration with the
RPV systems that will mitigate the negative impacts of the PV power fluctuations.
➢ Development and implementation of an effective and robust power management
strategy for the IRPVS that will have multi-mode control features to take the
advantage of the Time of Use (ToU) electricity pricing. The controllers for the
IRPVS are developed based on the real time Field Programmable Gate Array
(FPGA),
➢ Development of the power management with its control system that will have: 1)
a fast respond to both load changes and PV power fluctuation with high ramp rates
and 2) practical applications with hardware and software selected. The main
features of the system are: 1) to minimize the grid power consumption by
maximizing the supply to the local loads from both the PV and EBU power such
that no grid power is being supplied and to take into account the time-of-use tariff;
2) to inject a smoothed power into the grid when there is an excess PV power
using the ramp-rate control technique.
➢ Development of a fast dc charging connector to interface the HPV system with
the EVB that helps to mitigate the PV power fluctuations and to reduce the burden
on the local power grids. Such a system can become a part of a micro-grid or a
smart grid framework with a flexible control algorithm. The proposed HPV-EVB
energy system should have the following features: 1) The EV battery can be
connected to or disconnected from the PV system at any time; 2) The EV battery
can be used as an uninterruptible power supply whenever there is a blackout; 3)
The use of the EV battery can be maximized; 4) The impacts of a high penetration
of both residential PV system and EVs can be mitigated; 5) The integrated EV and
PV system can provide grid support during the peak demand.
➢ Development of an on-board V2X electric vehicle charger (OB-V2X-EVC) using
the SiC-MOSFET as the power switching device and the amorphous ribbon
2605S3A based core for the high frequency magnetic link (HFML). The
remarkable features of the proposed OB-V2X-EVC should have: 1) active power
control in V2G mode; 2) sinusoidal output voltage control in V2H mode; 3) cell
balancing feature for charge equalization of all cells; and 4) high efficiency with
PFC operartion.
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➢ Development of a magnetic power plug/connector to support all possible modes
of operations for future electric vehicles. The power transfer is achieved through
the magnetic link, which should ensure that a higher efficiency and the galvanic
isolation can be achieved.
➢ Development of the EVB fast charging that with two main modes: Grid-toVehicle (V1G or G2V) and Vehicle-to-Grid (V2G). The V2G should make the
EV batteries become active distributed sources to mitigate the effects of the EV
fast chargers.

The main contributions of the thesis are summarized below:
➢ The proposal of the novel application of the µ-SMES for use in the residential PV
systems has been presented. The µ-SMES is constructed based on the advanced
technology of the low-cost-effective MgB2 wires. A 10 kW RPV system coupled
with an MgB2-based µSMES has been designed and the effectiveness verified.
The µ-SMES energy can effectively compensate the active power fluctuations
from the RPV system. The simulation results show that the proposed the RPV µSMES is a promising solution to mitigate the impacts of the high solar PV
penetration.
➢ The investigation of the stability and robustness of the residential PV system
operating under different operating modes. The control strategy with the switching
modes of the controllers in each operation mode has been proposed. All controllers
are designed to mitigate the effect of any system parameter variations, and to
ensure the stability and robustness of a power/energy management strategy for PV
with storage considering the time of use.
➢ A new power management strategy with ramp-rate control for an RPV-EBU
system has been presented. The proposed strategy helps the energy management
system effectively and controls the power balance between the PV power
generation, EBU power, the home load demand, and the grid power. This will
provide an opportunity for the consumers to become prosumers to maximize the
benefit of the residential PV system. The local load is the priority and must always
be supplied on demand. This will help to mitigate the high-power ramp-rate of the
PV while providing a reliable power to the local load.
➢ A novel HPV-EVB technology for the integration of the residential HPV and EV
has been proposed. The energy management system successfully controls the
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power balance between the HPV source, EVB energy, the home load, and the grid
demand. This will help to mitigate the intermittency and uncertainty effects of the
HPV and to provide a reliable power output. The proposed system with its control
algorithm will have a great potential for the future smart grid and EV applications.
➢ A design of the proposed OB-V2X-EVC using SiC-MOSFETs and amorphous
high frequency link has been presented. The control system with the proposed
TCCL to control the charging and discharging of the EVB has been fully tested.
Experimental results showed that during the transient from the charging mode to
discharging mode and vice versa the primary current is regulated to work at the
limiting values. In addition, the PFC is achieved through the control of the grid
current. The dc-link voltage is well maintained based on the power balancing
between EVB and the grid. The preliminary results show that the proposed design
of the OB-V2X-EVC can be feasible for the future development of the EVs.
➢ A novel magnetic power plug/connector is proposed to support all possible modes
of operations for future electric vehicles. In the proposed power plug, the power
transfer is achieved through the magnetic link, which not only ensures that a
higher efficiency can be achieved, but it also ensures that galvanic isolation is
obtained. Once the proposed plug/connector is accepted by the EV industries, it is
envisaged that a new standard will be established for the proposed plug/connector.
This will help accelerate the EV uptake. The preliminary results show that the
proposed design of the OBV2XC can provide bidirectional power transfer
efficiently from and to the EVB units and size and weight can be reduced further
by the integration and optimization of the PCB.
➢ Different operation modes of an EVB fast charger are proposed. There are two
main modes: Grid-to-Vehicle (G2V) and Vehicle-to-Grid (V2G). The V2G mode
helps bring EV batteries to become active distributed sources in smart grids and
is the crucial solution for a high EV penetration and to mitigate the effects of the
EV fast chargers.
1.3

Thesis Organization

The thesis is organized as follows:
Chapter 1 defines the research problems, research objectives and the specific
contributions of the thesis.
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Chapter 2 presents a novel concept for the integration of a low cost microsuperconducting magnetic energy storage (µ-SMES) unit with a residential photovoltaic
(RPV) system to mitigate the solar photovoltaic (PV) output power intermittency and to
support the grids especially for the evening peak. The low-cost magnesium di-boride
(MgB2) superconductor wire is considered in this chapter in designing the µ-SMES unit.
In this chapter, a robust charging and discharging control strategy is proposed for the µSMES unit to mitigate the effects of PV intermittency on the distribution grids.
Chapter 3 proposes a power management strategy (PMS) for an integrated residential
solar photovoltaic (PV) and energy storage unit (ESU) of the both grid-connected and
islanded operations to take advantage of time-of-use pricing. This is an effective solution
to integrate the storage and the renewable energy sources, such as solar PV, with the
conventional grid to improve the reliability and efficiency of the power system and to
reduce the total electricity cost for the consumer.
Chapter 4 proposes a power management strategy to smooth out the power fluctuations
at the grid inverter of the grid connected solar PV systems with two main operation
modes: 1) The load-feeding (LF) mode to minimize the grid power consumption by
maximizing the local load consumption from both the PV and the EBU; 2) The gridfeeding (GF) mode to smooth out the PV output fluctuation and to control the ramp rate
to a desired value when supplying the grid.
Chapter 5 proposes an efficient energy management approach for the home photovoltaic
(HPV) systems to power the electric vehicle battery (EVB) charging facility while
utilizing the EVB as an energy storage system (ESS) that can mitigate the HPV impacts
and allow the growth of HPV systems in power grids. The proposed energy management
strategy will help to reduce the unexpected peak power demand and can help in the
implementation of the vehicle-to-grid (V2G) to improve the stability of the grid during
peak load.
Chapter 6 presents the design of an on-board electric vehicle charger which has the
capability to transfer power in both directions that can be referred to as V2X, where X
can be replaced with home (V2H) or the grid (V2G). In the proposed topology, a dual
active bridge (DAB) converter is considered to regulate the charging and discharging
operations of the electric vehicle battery (EVB).
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Chapter 7 proposes a new universal magnetic power plug, which can support all possible
connections of the EV applications. The power transfer in the proposed power plug is
achieved through a magnetic link formed by two magnetic parts (each in an EV or a
charging station) that can serve effectively to achieve V2V, grid to vehicle (G2V) or
vehicle to grid (V2G).
Chapter 8 reviews the status of the EV battery (EVB) fast chargers in term of converter
topologies, operation modes, and power control strategies for the EVs. The different
operation modes of an EVB fast charger are also presented to mitigate its effects. There
are two main modes: Grid-to-Vehicle (V1G or G2V) and Vehicle-to-Grid (V2G).
Chapter 9 summarizes of the findings and discusses future work.
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Chapter 2. A Novel Application of the Magnesium Di-boride
Superconducting Energy Storage to Mitigate the Power
Fluctuations in the Single-Phase PV Systems
2.1

Introduction

Superconducting magnetic energy storage (SMES) device has been studied for power
system applications for many decades [1], [2], as this device has the faster charging and
discharging response to supply a pulse power with a higher efficiency compared with
other energy storage devices such as traditional batteries and super-capacitors. The
outstanding feature of the SMES has attracted the attention of the utilities for using this
device to improve the dynamic system stability with voltage and frequency control. In
addition, the SMES device can be applied to alleviate the power system issues, such as
load leveling, power quality improvement, and the power supply disruption [4]. When
short-time and long-time transient supports are considered, a hybrid energy storage
system should be used, such as SMES-battery. When only a short-time transient support
is required, the introduction of a SMES or a super-capacitor should be considered.
However, the drawback of super-capacitor is that it has a shorter lifetime when compared
with the micro-SMES [3]. With the increase of renewable energy usage, the grid is
becoming more difficult to control, especially when it contains a high penetration of
distributed renewable power with a heavy intermittency [5], [6]. The SMES device can
be used to help the grid to mitigate the issues associated with the intermittency of the
renewable energy systems [7] – [10].
Solar photovoltaic (PV) systems can deliver energy directly to the end users. With this
advantage, the installation of the residential solar PV systems has increased significantly,
particularly with the incentives/subsidies by the government and nongovernment bodies.
According to the recent report by the Australian PV Institute (APVI), more than 1309
MW of capacity was installed in 2017 in Australia, which is equivalent to 3.5 million
rooftop solar panels, and this is mainly caused by the generous incentives in terms of
small scale technology certificates created to increase the incentives to install rooftop
solar. The value of the subsidy in 2017 was AUD 500 million, which is expected to
increase to AUD1.3 billion in 2018 [5]. However, the high penetration of residential PV
systems with power fluctuations due to its intermittent nature makes the distribution grid
harder to control. The high penetration of the fluctuating PV power outputs can produce
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voltage flickers, voltage fluctuations, and over-heating of the distribution transformers
[6].
To mitigate the effects of the solar PV power fluctuations and variation of the
unpredictable loads, an energy storage device (ESD) can be used to absorb/generate
power to compensate the problems. Conventionally, the types of energy storage device
used in the power system are lead-acid, nickel-metal-hydride, or lithium-ion batteries.
However, these types of energy storages have a limitation of charging/discharging cycles.
In addition, all batteries are based on the chemical materials, and generally they cannot
be 100% recycled. Unlike the traditional batteries, the SMES device is made using
superconducting wires only and it has the potential to be a good candidate for the
integration with the PV systems due to its power density, efficiency, superfast response
for charging and discharging, and longevity. It has been used for various power system
applications with the capacity varying from 0.00003 MJ to more than 5000 MJ [1], [2].
Recently, its applications for the large-scale PV plants have been reported [7] – [10]. The
SMES is ether connected with the dc-link of a bidirectional dc/ac inverter or with the
point of common coupling (PCC). These may allow the SMES to be charged from the
grid in the absence of solar insolation and to be discharged back to the grid when there is
an insufficient output power from solar PV system.
The conventional SMES uses a bismuth strontium calcium copper oxide (BSCCO) tape
for the superconducting coil [1], [2], which is costly and therefore it is difficult to justify
its application for power system application, particularly in the low voltage systems.
Recently, with the cost reduction related to the use of a new technology of making the
superconductor coil using the high temperature superconductor (HTS) [11] – [13], the
notion of using a micro-SMES (µ-SMES) to replace a bulky battery system of the
residential PV (RPV) systems is becoming feasible and achievable.
The recent advances in the technology of the MgB2 superconducting material, that has a
relatively high critical transition temperature (Tc) of about 40K and the high critical
current density (Jc) of greater than 105 cm-2 in moderate fields, made it possible for the
MgB2 material to reach its superconducting state without the need of liquid helium, which
is expensive [14] – [21]. This offers a feasible innovation to utilize the MgB2
superconducting wires to make the superconducting magnetic energy storage device in a
small size and volume that can replace the current batteries in the RPV systems. With its
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characteristics of being able to be quickly charged/discharged and having the unlimited
cycle of charging/discharging, the utilization of the proposed ESD becomes very
attractive for the future smart grids. In addition, the improvement in cryogenic by using
solid nitrogen [23] and power electronic technologies makes µ-SMES based on the MgB2
a competitive alternative to other energy storage devices in terms of both efficiency,
reliability and economics [18] – [21].
Authors in [24] have reported that the μ-SMES is cheaper than other types of energy
storages in term of discharge time. The main cost of a micro-SMES system is the cost of
superconducting coil and the cryogenic refrigerator. A deployment of a µ-SMES with
rating up to several kJ for integration with the RPV systems that will mitigate the negative
impacts of the PV power fluctuations has been proposed. The unique aspect of the
proposed work is the use of the micro-SMES, which acts like a current source and
therefore requires the control of a current source inverter (CSI). It is very different from
most reported literature, where voltage source converter (VSI) was used for the battery
energy storage system. Further, a digital control technique for the CSI is developed which
is implemented using the GPIC card from National Instrument with field programmable
gate array (FPGA) capability. This reduces sharply the capital cost of the systems. Fig.
2.1 shows the configuration of the proposed residential PV µ-SMES. The µ-SMES is
integrated into the dc-link bus via a dc–dc chopper. This configuration can be used for
the individual houses, or commercial business buildings.
There are several challenges for this application: 1) µ-SMES based on the MgB2 is
immature and still under development, so that it is difficult to conduct laboratory
experiments; 2) µ-SMES should be designed carefully to comply with the distribution
grid standards.
The MgB2 wire, currently being developed by the Institute for Superconducting and
Electronic Materials (ISEM) at the University of Wollongong (UOW), Australia will be
used in the design of the µ-SMES.
The main contributions are (i) the design of the MgB2-based µ-SMES and its CSI
converter control for the RPV system; (ii) the analysis of the system configuration and
the control strategy of the integrated µ-SMES with a RPV system connected to a single
phase grid, (iii) the use of a boost dc–dc converter to track the maximum power point
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(MPPT) of the PV system using the perturbation and observation (P&O) algorithm, and
(iv) the design and implementation of a novel control strategy using logic gates and
proportional integral (PI) controllers to control the µ-SMES charging/discharging in order
to mitigate the PV power fluctuations.
The µ-SMES is charged whenever there is an excess solar PV output power and
discharged to compensate for the lack of the PV power when there is an insufficiency in
PV power production. Because the power can only flow in one direction in the dc–ac
converter, no bi-directional inverter is required; this means that a simpler control strategy
for the inverter can be adopted.
2.2

RPV-MgB2-Based µ-SMES Grid Configuration

The proposed configuration of the RPV-MgB2-based µ-SMES is shown in Fig. 2.1, which
comprises of a PV array that is formed by the combination of several single PV modules
connected in series and/or parallel, an MgB2-based µ-SMES with power conditioning, a
dc–dc boost converter and a single phase full-bridge grid connected inverter. The µSMES is connected to the dc link via a bi-directional dc–dc chopper. The dc-link voltage
is maintained at a constant value (400 V) by the control of µ-SMES charging or
discharging. The maximum power point of the PV system is tracked by the dc–dc boost
converter using the PI voltage controller. One of the key features of the proposed RPV µSMES system is that the µ-SMES is connected directly to the dc-link of the single-phase
grid connected inverter. This configuration results in an excellent flexibility and
reliability to the system. It can balance the power between the PV system and the grid by
charging when there is an excess PV power and discharging the instantaneous power to
compensate for an insufficient PV output power. When there is an excess power from PV,
the dc-link bus voltage increases, signaling the need for the excess energy to be absorbed
by the MgB2-based µ-SMES to maintain the dc-link voltage at a constant value.
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Fig. 2.1. The configuration of the residential PV µ-SMES system.

In this case, the MgB2-based µ-SMES will be in the charging mode. Similarly, if the PV
output power (Ppv) is insufficient to maintain the required injected power (Pref) at the PCC,
the dc-link voltage decreases and the MgB2-based µSMES starts discharging its energy
to compensate for the insufficient Ppv and to maintain the dc-link voltage constant.
Thus, there are five basic operation modes in the proposed system as discussed below.
These modes depend on the amount of PV power and the state of charge (SoC) during the
charging and discharging of the MgB2-based µSMES, as follows:
Mode I) The µ-SMES Charging mode (Ppv > Pref): The excess power is charged to the µSMES until the SoC reaches its maximum limit. The µ-SMES charging current is limited
by the maximum allowable charging current 𝐼𝑆𝑚𝑎𝑥 .
Mode II) The µ-SMES Discharging mode (Ppv < Pref): The µ-SMES discharging current
is limited by the minimum allowable discharging current 𝐼𝑆𝑚𝑖𝑛 .
Mode III) The µ-SMES is limited to its lowest SoC: The µSMES becomes fully
discharged, and the µ-SMES can no longer be discharged hence it no longer supplies
power to the grid and the current is kept at minimum allowable current - 𝐼𝑆𝑚𝑖𝑛 .
Mode IV) The µ-SMES is limited at its highest SoC: The µ-SMES is fully charged and
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can no longer be charged from the PV power, the µ-SMES current should be kept at
maximum value 𝐼𝑆𝑚𝑎𝑥 .
Mode V) Power balance (Ppv = Pref): The µSMES will enter the standby mode and the µSMES no longer be charged from the PV power or discharged power to the grid. All the
possible operation modes are presented in Table 2-I.
TABLE 2-I OPERATION MODES OF THE µ-SMES

2.3

Mode

Power condition

I
II
III
IV
V

Ppv > Pref
Ppv < Pref
IS = ISmin
IS =ISmax
Ppv = Pref

µ-SMES condition
Charging
Discharging
Fully discharged
Fully charged
Standby

MgB2-Based µ-SMES Design Specifications

The two most common geometrical structures are the toroid and solenoid geometry [15],
[17]. The research in Ref. [17] shows that the solenoid geometry has advantages over the
toroid geometry in terms of the amount of the conductor wires required as it requires less
superconducting wires with the same amount of energy stored. In addition, it is simpler
to construct the µ-SMES coil using the solenoid geometry. Due to this, the proposed
MgB2-based µ-SMES is designed using the solenoid geometry. The µ-SMES coil is
formed using 20 pancake coils connected in series using the MgB2 wires. Each pancake
coil is wound with a 20 mm wide and 0.8 mm diameter MgB2 wires. It is designed to be
operated in the range of 30K to 40K using solid nitrogen as the coolant. Table 2-II
summarizes the µ-SMES parameters.
TABLE 2-II. MGB2-BASED µ-SMES SPECIFICATIONS
Parameters

Value

Stored energy, Es
Response time, ts
Dc link voltage
Minimum current, 𝐼𝑆𝑚𝑖𝑛
Maximum current, 𝐼𝑆𝑚𝑎𝑥
Initial current, 𝐼𝑆𝑖𝑛𝑖
Magnet inductance, Ls

20 kJ
2s
400 V
60 A
200 A
50 A
1H
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The solid nitrogen (SN2) based cooling system was used for the magnetic resonance
imaging (MRI) application [23], where the µ-SMES coil is designed with the cryostat
container using solid nitrogen. In general, the electrical specifications of a
superconducting magnetic energy storage device can be expressed through its energy
capacity, the maximum current and the inductance. The maximum energy capacity 𝐸𝑚𝑎𝑥
of the SMES device is described by (2.1) and (2.2).

Emax = Pmax
Emax =

(2.1)

1
Ls I S2 max
2

(2.2)

where 𝑃𝑚𝑎𝑥 is the required power for compensating the PV output power intermittency
during a time period 𝜏. In order to calculate the current at the maximum energy storage,
the ratio between the energy remaining in the coil that is no longer in use for the PV
output power and the maximum energy capacity of the SMES is defined as 𝛽 =
𝐸𝑚𝑖𝑛 / 𝐸𝑚𝑎𝑥 , with 𝐸𝑚𝑖𝑛 and 𝐼𝑆𝑚𝑎𝑥 are described as in (2.3a) and (2.3b), respectively.

Emin =

1
Ls I S2 min
2

I S max =

(2.3a)

I S min



(2.3b)

Eq. (2.3b) shows that if a smaller value of 𝛽 is chosen, a higher energy utilization of the
superconducting can be obtained. The design of the µ-SMES energy capacity is based on
the required energy for smoothing out the PV power fluctuation at a certain level. The
higher the requirement for the level of smoothing, the bigger the SMES capacity needs to
be selected. The proposed MgB2-based µ-SMES with optimized design can store enough
energy to meet day-to-day residential power fluctuation.
2.4

System Control Strategy

The control scheme for the µ-SMES-PV system is developed in this section. It is worth
to note that each power converter has its own controller, and the grid reference current is
generated by the grid reference current generator (GRCG) based on the operation modes,
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as shown in Table 2-I. All the controllers are well designed to have a good performance
in terms of quick response and robustness.
2.4.1

Maximum Power Point Tracking Boost Converter

The MPPT boost converter (MBC) is regulated to obtain MPPT by tracking the PV
voltage 𝑉𝑝𝑣 at the maximum power point (MPP). Thus, the control variable of the MBC
𝑟𝑒𝑓

is the input voltage 𝑉𝑝𝑣 that is compared with 𝑉𝑝𝑣 produced by the MPPT block using
the P&O algorithm. In order to design the controller for the MBC with a good
performance, it is noted that the RPV source modeling should be added to the small signal
model of the MBC at the small-signal transfer functions. A linearized PV array source at
the MPP is derived by the Taylor expansion and the equivalent circuit model of the PV
array source is shown in Fig. 2.2 along with the modeling of the MBC.

Fig. 2.2 MBC with a linearized PV array model.

The small-signal transfer function from the duty cycle to the output voltage of PV array
source Vpv of the MBC is derived as given in (2.4):

Gv ( s ) = −

DV pv + sI MBC LMBC
L
s 2 LMBC C pv + s MBC + D 2
Req

(2.4)

where D, Vpv, IMBC, are the duty cycle, the PV array output voltage, and the inductance
current at the operating point of the MBC. LMBC is the inductor of the MBC, Req and Veq
are equivalent resistance and dc source of the PV array modeling. Table 2-III shows the
key parameters of the MBC with the linearized PV array model. The output control signal
of this PI controller is expressed as given in (2.5):
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1

d 4 =  K 4p + K 4i  (V pv − V pvref
s


)

(2.5)

where d4, Vpv, are the control variable, and the PV array output voltage. 𝐾4𝑝 = 27.1681,
𝑘4𝑖 = 1.69 × 104 are the PI controller parameters.
2.4.2

Micro-Superconducting Magnetic Energy Storage Control

In order to achieve the five operation modes, the µ-SMES is controlled by a converter as
shown in Fig. 2.3(a).

(a)

(b)
Fig. 2.3. Control diagram of the µ-SMES converter, (a) The µ-SMES converter, (b) the µ-SMES
control diagram.
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The current flowing through the µ-SMES must be controlled based on the SoC values in
order to prevent over-charging and deep discharging of the µ-SMES. This means the
stored energy in the µSMES must be maintained within a maximum and a minimum
value. The overall control strategy of the dc–dc chopper for the µ-SMES is depicted in
Fig. 2.3(b). The dc-link voltage is regulated to maintain a constant value under any
operation mode.
The µ-SMES is controlled to be charged or discharged depending on the
increase/decrease of the dc-link voltage and the current SoC value. When the PV power
generation is higher than the grid power, it increases the dc-link voltage, and the excess
power should be charged to µ-SMES to keep the dc-link voltage at the reference value. If
the PV power generation is less than the grid power, the dc-link voltage decreases and the
µ-SMES should be discharged to keep the dc-link voltage at the reference value. The
control strategy can be described as follows. The switch T1 is controlled by the ON and
𝑟𝑒𝑓

OFF pulses that are determined by the comparison between 𝑉𝑑𝑐𝑙𝑖𝑛𝑘 and 𝑉𝑑𝑐𝑙𝑖𝑛𝑘 . When
𝑟𝑒𝑓

𝑟𝑒𝑓

𝑉𝑑𝑐𝑙𝑖𝑛𝑘 > 𝑉𝑑𝑐𝑙𝑖𝑛𝑘 , T1 is ON and when 𝑉𝑑𝑐𝑙𝑖𝑛𝑘 < 𝑉𝑑𝑐𝑙𝑖𝑛𝑘 , T1 is OFF. The switch T2 is
controlled based on the pulse with modulation signal that is the control outputs of the µSMES controller. There are three PI controllers: PI1, PI2, and PI3 for controlling T2 to
perform the five operation modes. The controllers are designed by using logic gates based
on the µ-SMES SoC condition, the value of the PV output power and the grid power. At
one time, only one controller is selected such that switch T2 is controlled to
charge/discharge the µ-SMES depending on the PV power generation or to keep the µSMES current inactive when it reaches the critical SoC value. The control system of the
µ-SMES dc–dc chopper is shown in Fig. 2.3(b).
The PI controllers are designed based on the parameters of the µ-SMES as shown in (2.6):
PI1 ( s) = −

2.4.3

1 + 0.009s
0.009s

PI 2 (s) = −

1 + 0.0085s
0.0085s

PI 3 (s) =

1 + 10s
s

(2.6)

The control of dc/ac grid connected inverter

In order to attain a sinusoidal current at the output of the inverter that is injected into the
distribution grid, two PI control loops are normally adopted. The dc-link voltage is
designed to be 400V, and it is controlled by the bidirectional dc-dc chopper. Thus, only
the current loop is needed to shape the output inverter current as shown in Fig. 2.4.
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Fig. 2.4. Overall control scheme of the RPV µ-SMES.

To satisfy the SoC of the µ-SMES and to optimize the power smoothing, the design of
the reference current should be considered. When the µ-SMES is within the SoC limits,
the reference current is designed to inject a constant active power (Pref) into the grid at
the PCC. This reference current is described in (2.9).

igref (t ) =

2
Pgref sin(t )
Vg

(2.9)

When the µ-SMES current exceeds the maximum or the minimum energy available, the
reference current should be designed to inject an instantaneous power (Ppv) from the PV
output directly to the grid. This reference current is expressed in (2.10).
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igref (t ) =

2
Ppv sin(t )
Vg

(2.10)

where 𝑉𝑔 is peak amplitude of the grid voltage. The grid reference current is generated
automatically as shown in Fig. 2.3. The current controller is designed with the parameters
given in (2.11).
PI 5 ( s) = 100

2.5

1 + 1/ 36s
1/ 36s

(2.11)

Simulation Results

To evaluate the performance of the proposed RPV MgB2-based µ-SMES system, a simple
test circuit of the 10 kW RPV µ-SMES system was simulated under various transient
conditions, including the variations of the sun irradiance. The boost dc-dc converter is
operated at 20 kHz switching frequency and the full-bridge inverter is modulated at 3kHz. The output filter of the full-bridge inverter is chosen to attenuate the grid current
harmonics caused by the switching frequency. A low pass output filter Lf = 6.5 mH is
selected. The dc-link reference voltage is 400 VDC, and the normal grid voltage is 230
VRMS at 50 Hz. The parameters of the 10 kW PV-array mode and the MgB2-based µSMES are shown in Table 2-II and Table 2-III.
TABLE 2-III. KEY PARAMETERS OF THE MBC WITH THE LINEARIZED PV ARRAY
MODEL
Parameter

Value

Vpv(max)
Ipv(max)
Req
VdcLink
LMBC
Cpv
fsw

200 V
50 A
4Ω
400 V
1.8 mH
22000 µF
20 kHz

Fig. 2.5(a) shows the injected power (Pref) versus the PV output power. It shows that the
PV power fluctuates as the sun irradiation varies. This fluctuation should be compensated
by the µ-SMES to maintain it at the reference power (Pref). However, there are times when
the µ-SMES is not able to compensate the fluctuation fully because of the limitation of
the SoC as described earlier. The transition between the different modes is shown in Fig.
2.5(a) as well. Fig. 2.5(b) shows the SoC level of the µ-SMES. The SoC level is regulated
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to remain in the normal state (10~95%). It can be seen that the minimum energy is
maintained in the µ-SMES, which is 𝐸𝑆𝑚𝑖𝑛 = 2 kJ, and the maximum energy that can be
stored in the µSMES is 𝐸𝑆𝑚𝑎𝑥 = 19 kJ.

Fig. 2.5. The transition between the different modes, (a) Output PV power (Ppv) vs. injected power
(Pgrid) and (b) the stage of charge (SoC) of the µSMES.

Fig. 2.6 shows the µ-SMES charging and discharging current in different modes.

Fig. 2.6. The µ-SMES current during the different modes.

It is limited by the SoC, and thus, the minimum discharging current is 63 A, and the
maximum charging current is 195 A. Fig. 2.7 shows the output current of the dc-ac
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inverter at the time of the operation mode transition.

Fig. 2.7. Grid current during the mode transition.

It can be seen that very little distortion is observed during the transition. The total
harmonic distortion (THD) of the grid current is found to be 2%. The dynamic
performance of the MPPT and the dc-link voltage controller is presented in Fig. 2.8.

Fig. 2.8. The dc link voltage, PV array voltage and current.

The simulation results show that the proposed energy management strategy for the RPV
µ-SMES system can achieve fast transient responses during the energy mode transitions.
If a dynamic system disturbance (such as short-circuit fault) occurs, then the islanding
protection of the PV panels system will disconnect the PV from the power grid. This
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means that no more power is supplied to the grid from the PV; and the SMES will
discharge its power to meet the reference value of the injected grid power until it reaches
the minimum SoC. The next stage is to build a laboratory prototype of the RPV µ-SMES
laboratory prototype to validate the proposed system and to improve control strategy.
2.6

Summary

A novel application of the µ-SMES for use in the residential PV systems has been
introduced. The µ-SMES is constructed based on the advanced technology of the lowcost-effective MgB2 wires. A 10 kW RPV system coupled with an MgB2-based µSMES
has been designed and the effectiveness verified. The µ-SMES energy can effectively
compensate the active power fluctuations from the RPV system. The simulation results
show that the proposed the RPV µ-SMES is a promising solution to mitigate the impacts
of the high solar PV penetration. A laboratory prototype will be built and tested using the
proposed control system. The availability of the low cost MgB2 wire and the proposed
advanced control strategy for the power conditioning system will contribute significantly
for the increased use of the MgB2 based µ-SMES in the residential energy application.
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Chapter 3. A Robust Power Management Strategy with
Multi-mode Control Features for an Integrated PV and
Energy Storage System to take the Advantage of the ToU
Electricity Pricing
3.1

Introduction

Renewable energy based distributed generation units are being considered worldwide as
an alternative solution to deal with the energy crisis faced by the modern world. The
renewable energy target (RET) for Australia is to have 23.5% of the overall power
generation generated from renewable energy resources, such as solar and wind by 2020.
Some states in Australia, such as Victoria and New South Wales are aiming for zero
emission by 2050 [25], [26]. Among typical renewable energy systems, the use of solar
photovoltaic (PV) generation has been increasing worldwide. However, the irregular and
stochastic output variations of the solar PV output power due to the intermittent nature of
the sun irradiation can lead to uncertainties in the power system planning and operation,
particularly under high PV penetration. The energy storage units (ESU) such as batteries
and ultra-capacitors have the potential to solve the above problems [27] – [31]. However,
adding an ESU to the residential PV systems will incur extra cost and this is not always
well received by the PV owners unless it is subsidized by the government or by the utility
companies [32]. This issue motivates researchers to propose methods to control the ESU
in order to minimize the ESU size and to maximize its efficiency and utilization [33] –
[35].
In order to reduce the grid peak demand, the power utility companies have proposed
innovative pricing schemes such as the time-of-use (ToU) or real time (RT) pricing to
encourage end-users to shift the home loads to the time where the electricity price is
lower. With the increasing trend of the distribution grid to be smarter, a bidirectional
power transfer between the distributed resources, such as solar PV power, ESUs, and the
grid is desirable. Further, it is cost effective to control the ESU when integrated with the
distributed resources; in such a way that the owner of the ESU can take advantage of the
ToU price. This will also provide a better way of utilizing the solar PV power and the
ESU. The ESU should have the ability to balance the solar PV power generation and the
local power consumption to take advantage of the ToU scheme. It is important to ensure
the stability and robustness of such a power/energy management strategy for PV with
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storage considering the ToU scheme before applying the strategy to the actual power
system.
Authors in [29] have presented an energy management scheme for a battery supercapacitor grid integrated system. The proposed scheme dynamically changes the
operating modes based on the changing of the load and the grid power, the simulation and
experimental results are presented. However, the effect of ToU is not considered. In [33],
the authors present an optimal power management scheme for grid connected
photovoltaic (PV) systems with storage. The supervisory control based on the optimal
predictive power scheduling is proposed. However, no experimental result is provided.
There is no evidence that the stability and robustness of the system have been
demonstrated. In [34], a novel PV power generation and load power consumption
prediction algorithm is presented with the global and local control of the energy storage
charging and discharging schemes. The energy storage size is optimized to obtain the
minimal of the initial investment. However, it has not considered the ToU scheme. In
[35], a near-optimal storage control algorithm is presented to control the
charging/discharging of the storage system. However, the proposed method is difficult to
implement using a hardware platform. In [36], [37], the load demand control strategies
are proposed to take advantage of the ToU scheme. However, no experimental results
have been provided. Authors in [38] present the optimization of the daily operation of
battery energy storage systems under the RT pricing schemes. The results in [38] show
the economic benefit attained by the optimal ESU operation, however, an accurately
forecasted values are required. Further, reference [29] – [38] only considers the system
level rather than the component level. At the component level, the control strategies of
using the energy storage in the residential PV system have been proposed in the literature
in [39] – [43], however, they have not taken advantage of the ToU scheme. Authors in
[44] have proposed an energy management system, which takes advantage of the low
electricity price at night to charge the ESU and uses the ESU energy during the peak load
when the electricity price is high. However, the results of the study cases and the dynamic
transients have not been demonstrated clearly.
To the best of the authors’ knowledge, there are few existing studies that investigate the
power management of the PV-ESU system in the incorporation with the ToU at the
component level under different operating modes and demonstrate the stability and
robustness through laboratory experiments. Most of the reported works relate to optimal
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strategies and have been done for the PV-ESU system at the system level with the
simulation results only. In addition, there are very few reported works on utilizing the
ESU effectively by applying it as an energy buffer while taking the advantage of the timeof-use (ToU) electricity pricing to meet the varying solar irradiation and load demand
changings. This chapter proposes an autonomous and effective PMS for an integrated
residential PV/storage (IRPVS) system to reduce the peak demand of the distribution
systems and to lower the electricity charges for residential consumers. This is a win-win
situation for both consumers and utility companies as consumers can save money by
storing energy using the low-cost off-peak rate and use the stored energy to reduce the
peak demand, while the utility companies can provide continuous service even when there
is increasing peak demand loads at peak time period and delay the upgrade of their
infrastructure. When sufficient numbers of residential properties have the IRPVS
systems, the controllability, stability, and reliability of the overall power system will be
greatly improved.
The IRPVS systems have the following benefits. First, economic benefit can be obtained
by taking advantage of the difference in the electricity prices during the peak and offpeak times due to the ToU pricing. Second, the IRPVS system can become a storage
buffer to solve the continuous variation of solar irradiation and load demands. As the load
demand and the PV power output vary, the control strategy will need to vary the charging
and the discharging of the ESU to meet the variations in supply and demand so that the
electricity can be supplied at the lowest cost. Third, the sudden and fast changes of the
PV power output due to cloud passing, or sudden changes in load and grid demand can
be quickly addressed by taking advantage of the fast acting ESU.
The main contribution is the development and implementation of an effective and robust
power management strategy for the IRPVS that will have multi-mode control features to
take the advantage of the ToU electricity pricing. The controllers for the IRPVS are
developed based on the real time Field Programmable Gate Array (FPGA), which control
the switching patterns of a single four-leg integrated power module connected to the PV
array and the ESU to accomplish all the required tasks.
3.2

Configuration of Integrated Residential PV Storage System

The configuration of the IRPVS system is shown in Fig. 3.1.
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Fig. 3.1. Block diagram of the experimental setup of Integrated Residential PV Storage System.

The key elements of the IRPVS system consist of three converters: (i) the PV-Maximum
power point tracking (MPPT) converter, (ii) the ESU charging/ discharging converter,
and (iii) the grid interactive converter, respectively. The three converters are modular in
nature and are implemented using a four-leg IGBT power module (IPM), which can be
easily replaced as a “plug and play” module. Fig. 3.1 shows that one leg of the four-leg
IPM consisting of one power diode and one IGBT functions as an MPPT-boost converter
and is denoted as (a). This converter is controlled to achieve the MPPT of the PV arrays.
Another leg, denoted as (b), functions as a bidirectional buck-boost converter connected
to the ESU, which transfers the power from/to ESU to/from a dc-link bus in order to
balance the power differences between the PV power generation, the local load demand
and the grid power. The last two legs, denoted as (c) of the IPM module, function as a
bidirectional single-phase converter connected to an output filter, which enables the
bidirectional power flow between the grid and the dc-link bus. The local loads are
considered as non-linear loads and implemented using an electronic load, which consists
of a rectifier and a variable R, L and C load.
The configuration shown in Fig. 3.1 can be considered as a typical IRPVS system. The
30

PMS is implemented using FPGA, referred to as the General-Purpose Inverter Control
(GPIC) card from National Instruments (NI). All control algorithms are programmed in
Labview, which is the native language of the NI cards. The schematic in Fig. 3.1 also
depicts the laboratory experimental set up of the IRPVS system. Four voltage sensors are
used to monitor the voltages: Vpv, VESU, Vdc and vg and four current sensors are used to
monitor the currents: Ipv, IESU, Iinv, and IL. The implemented ESU consists of nine single
12V lead-acid batteries in series, forming a 108V ESU, where each battery is rated at
12V, 33Ah.
The PMS control algorithm was developed to ensure that the whole system performs
satisfactorily under the following scenarios:
1) The base case scenario with a constant PV irradiation and a constant load demand.
2) The high-power demand scenario, where the load demand is doubled, but with a
constant solar irradiation as in (1). This will result in an increase in the output of ESU
to support the PV to supply the load.
3) The increased irradiation scenario, where the sun irradiation is increased while the load
demand is set to be the same as in (1). This will result in a reduced ESU output as the
PV output is increased.
4) The islanding or stand-alone scenario when the main ac grid fails to supply, and the
load demand and the PV irradiation are the same as in (1). Both PV and ESU will now
supply power to the load.
When the user has a ToU electricity plan with the grid company, the IRPVS system can
manage the energy stored in the ESU and the energy drawn from the grid in order to
reduce the power consumption when the electricity prices are high.
3.3
3.3.1

Control Strategy
Power Management Strategy based on ToU

The proposed PMS based on ToU is shown in Fig. 3.2.
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Fig. 3.2. The proposed PMS algorithm to control the operation modes of the IRPVS.

In this scheme, the operation modes of the IRPVS system with the different control modes
are shown in Table 3-I.
TABLE 3-I. IRPVS OPERATION MODES AND CONTROL SCHEMES
Mode

MPPT
Converter

ESU Converter

Grid Interactive
Converter
(GIC)

I

Not Available
(NA)

dc-link voltage controlDischarging

Voltage Control

IIa

MPPT Control

dc-link voltage control
(Charging/Discharging)

Voltage control

IIb

Off-MPPT

NA

Voltage control

III

MPPT Control

Grid Current
Control

IV

NA

Current ControlDischarging (CCD)
Constant current/
Constant Voltage
(CC/CV)-Charging

V

MPPT Control

NA
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Rectification
Grid current
control

Table 3-I shows that the grid interactive converter (GIC) has three control schemes: (1) a
grid current control to control the inverter current at the point of common coupling (PCC)
in the grid interactive mode, (2) an inverter voltage control (IVC) to regulate the ac
voltage at PCC in the islanding mode, and (3) a rectification mode to transfer power from
the grid charge to the ESU. The MPPT converter has two control schemes: (1) it can be
used to obtain the maximum power from the PV arrays, which is referred to MPPT control
and (2) it is used to control or regulate the dc-link voltage, which is referred to as the dclink voltage control (DVC). The ESU converter has three control schemes: (1) the dc-link
voltage control to regulate the dc-link voltage, (2) the current control (CC) to regulate the
ESU discharging current, and (3) the constant current/constant voltage (CC/CV) for the
ESU charging mode.
The dc-link voltage is regulated through five operation modes, which are described as
follows.
Mode I: In this mode, the IRPVS operates in islanding mode and the dc-link voltage is
regulated by the ESU discharging with constant voltage control while the PV power is
not available. The dc–dc converter of the PV arrays is disabled, and the grid-interactive
converter is under voltage control, which produces an ac voltage at the PCC.
Mode II: In this mode, the IRPVS still operates in islanding mode but now the PV power
is available. If the ESU has not been fully charged (Sub-mode IIa), the ESU converter
still operates in the dc-link voltage control mode to regulate the dc-link voltage. The
MPPT converter of the PV is in the MPPT control mode and the grid connected inverter
is in the voltage control mode. Otherwise, if the ESU has been fully charged (Sub-mode
IIb), the ESU converter is disabled, the dc-link voltage is regulated by the MPPT
converter but in the off-MPPT mode. This means that the control variable of the MPPT
converter is the dc-link voltage. The grid interactive converter is in the voltage control
mode.
Mode III (Peak time): In this mode, the IRPVS operates in grid-interactive mode. The
energies from the PV and the ESU are controlled to supply the local load. The dc-link
voltage is regulated through the grid current control (GCC). The MPPT converter of the
PV is in MPPT control mode until the time when no irradiation is available. The ESU
converter is in CC mode and it is designed to supply enough energy for the whole peak
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time and to balance the whole system as the load demand changes.
Mode IV (Off peak time): In this mode, the GIC acts as an uncontrolled rectifier. The dclink voltage is unregulated, and its value will be the same as the peak value of the grid
voltage. The ESU is charged based on the constant current/ constant voltage (CC/CV)
mode. The MPPT converter is disabled in this mode as there is no sun irradiation.
Mode V (Shoulder time): In this mode, the IRPVS operates in the grid-interactive mode.
The dc-link voltage is regulated by the grid interactive converter through the grid current
control. The MPPT converter is in MPPT control mode and the ESU converter is disabled
to save energy for peak time use.
According to the aforementioned strategy, at any time only one voltage source operates
in each mode and all of the other converters work as current sources, which means that
the dc- link voltage can be well regulated. This characteristic ensures the stability and
robustness of the whole system operating under different operating modes.
3.3.2

Control Methods for Power Converters of the IRPVS System

The proposed control algorithm for the three power converters of the IRPVS is shown in
Fig. 3.3.

Fig. 3.3. Proposed control of Power Management Strategy of the mode operations of the IRPVS.

34

The proportional- integral (PI) controller and sliding mode control (SMC) are chosen to
attain the control outputs of the system. The PI controllers are most suitable for
controlling the converters with linear parameters as its advantages of simplicity, good
transient response, elimination of the steady state error. The SMC controller is suitable
for controlling the system with non-linear parameters, in the IRPVS system, when is in
the islanded mode or standalone mode, its output is fed to the home appliances which are
considered as non-linear loads. There are seven PI controllers with 𝐾𝑝𝑛 , 𝐾𝑖𝑚 are
proportional and integral parameters, respectively with (n, m = 1:7). The outputs of the
PI controllers are the modulating signals dn, dm with (n, m = 1:7) as well.
3.3.2.1 Control of Photovoltaic Maximum Power
The control mode of the MPPT converter is changed automatically depending on the
operation modes as shown in Table 3-I. In islanding mode, the generated power from the
PV will supply the local load and charge the ESU. If the ESU has been fully charged,
which means that SoC has reached 95%, the ESU converter is disabled, so that the MPPT
controller changes to dc-link voltage control mode to regulate the dc-link voltage. The
MPPT algorithm used in this chapter is the perturbation and observation (P&O) method
[45]. The modulating signal (d1, d2) of the MPPT converter is obtained as given in (3.1)
and (3.2):

d1 = K 1p (V pvref − V pv ) +

d 2 = K (V
2
p

ref
dc

K i1 ref
(Vpv − Vpv )
s

(3.1)

K i2 ref
− Vdc ) +
(Vdc − Vdc )
s

𝑟𝑒𝑓

(3.2)
𝑟𝑒𝑓

where Vpv, 𝑉𝑝𝑣 are actual and reference voltage of the PV array. Vdc, 𝑉𝑑𝑐 are actual and
reference voltage of the dc-link voltage.
3.3.2.2 Control Charging/ Discharging of Energy Storage Unit
The control of the ESU converter plays the vital role in the IRPVS system as it is
controlled to attain the power balance between the PV power generation, the local load
and the grid power. Fig. 3.3 shows that the ESU converter is in the current control (CC)
mode in mode III, the voltage control is in mode IIa, and the CC/CV mode in mode IV.
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3.3.2.2.1 Current Control
In mode III, the reference current is generated from the power-balancing algorithm
between the PV power, the load demand and the grid power. It depends on the
instantaneous power exchange between these sources to decide whether ESU is under
charge mode or discharge mode. The power- balancing algorithm is shown in (3.3).

 ( Ppv + PESU ) + Pg = PL

(3.3)

Where Ppv, PESU, Pg, PL are instantaneous PV, ESU, grid power and load demand,
𝑟𝑒𝑓

respectively; and η is the efficiency of the IPM. The reference ESU current 𝐼𝐸𝑆𝑈 is
calculated using (3.4).

ref
I ESU
=


1  PL − Pg
− Ppv 

VESU  


(3.4)

The concept of the PMS is to manage the residential energy in order to store the energy
during the off-peak period and use the energy during the peak demand period, with the
objective to save the electricity bills as much as possible. Thus, in mode III, Pg is set to
zero in (3.4). The robustness of the IRPVS against load variation can be improved by
adding the load power information in the calculation process of the power-balancing
algorithm in (3.3). The instantaneous ESU current is regulated by a PI controller whose
control output d3 is:

d3 = K

3
p

(I

ref
ESU

K i3 ref
− I ESU ) +
( I ESU − I ESU )
s

(3.5)

3.3.2.2.2 Voltage Control
Fig. 3.3 shows that the ESU converter is in the voltage control mode in mode IIa and
mode IV. In mode IV, the ESU voltage is regulated in the constant voltage-charging mode
(CV) and in mode IIa, the ESU converter is utilized to control the dc-link voltage at the
𝑐𝑣
𝑣
constant pre-defined value. The outputs of the voltage controllers 𝑃𝐼𝐸𝑆𝑈
and 𝑃𝐼𝐸𝑆𝑈
can

be obtained as:
ref
d 4 = K p4 (VESU
− VESU ) +
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K i4 ref
(VESU − VESU )
s

(3.6)

d5 = K

5
p

(V

ref
dc

K i5 ref
− Vdc ) +
(Vdc − Vdc )
s

(3.7)

3.3.2.2.3 Charging Current Tracking Algorithm
In mode IV, the CC/CV control regulates the ESU charging current so that the ESU is
charged according to the pre-defined charging rate specified by the manufacturer. During
the ESU charging period, it is well known that the ESU charging current should not be
maintained at a constant high level. This is because a high constant charging current will
make the ESU-cell voltage increase rapidly and if not controlled can soon reach the
gassing voltage (Vg-cell = 2.35 V). Once the ESU-cell voltage goes beyond this value, an
intense gas pressure in the ESU may be produced, which shortens the ESU lifetime, and
may lead to an explosion. In addition, the ESU will overheat when charged with a constant
high charging current. In order to ensure that the ESU always operates at acceptable SoC,
shorter time charging, and a long life of the ESU, it is essential to keep ESU from
overheating and to maintain the ESU-cell charging voltage below the gassing voltage,
thus, the constant current and the constant voltage method is chosen as the ESU charging
method. Since the SoC level of the ESU decides the operational state of the IRPVS
system, the information of the SoC level is crucial. The focus of this chapter is not to
develop algorithms to estimate SoC, therefore, to reduce the complexity, the SoC of the
ESU is computed using a simple coulomb counting approach reported in [26] and given
as:
t

1
SoC (t ) = SoC0 +  I ESU (t )dt
C t0

(3.8)

where SoC0 is initial SoC at t = t0, C is the nominal ESU capacity, and IESU (t) is the ESU
current at time t. In order to minimize the error of the ESU current measurement that can
affect the accuracy of the SoC estimation, the ESU charging voltage levels are constantly
monitored and then referred to the SoC levels, which are specified by the manufacturer.
This is to ensure that the SoC level will not exceed the specified limit value, so that the
ESU charging/ discharging is properly managed even when the SoC estimation based on
ESU current is not correct.
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3.3.2.3 Grid –Interactive Converter (GIC)
3.3.2.3.1 Grid- Connected Mode
In this mode, the GIC is controlled to attain a constant dc-link voltage at all the time
through the two-loop control grid current control as shown in Fig. 3.3. The inverter peak
current reference (d6) is calculated by amplifying the error between the dc-link voltage
𝑟𝑒𝑓

(Vdc) and the dc-link voltage reference (𝑉𝑑𝑐 ) with a PI controller as:

d6 = K

6
p

(V

ref
dc

K i6 ref
− Vdc ) +
(Vdc − Vdc )
s

(3.9)

Then, the instantaneous inverter current is regulated to realize the grid current control.

d 7 = K (i
7
p

ref
inv

Ki7 ref
− iinv ) +
(iinv − iinv )
s

(3.10)

All the controllers are implemented digitally into the FPGA, and then transferred to the
digital forms as follows:

 1 − e− sTs
PI ( z ) = Z 
 s


 − sTd
 e PI (s) 



(3.11)

where PI(z) and PI(s) are the transfer functions of controllers in z-domain and s-domain,
respectively. The Ts and Td are the sampling time and the delay time respectively.
3.3.2.3.2 Grid-Rectifier Mode
In this mode, four diodes, which are connected in parallel with all IGBTs, form an
uncontrolled H-bridge rectifier. All IGBTs are disabled. The grid power flows through
the rectifier to charge the ESU.
3.3.2.3.3 Islanding Mode
In this mode, the sliding mode control (SMC) is adopted to attain a good performance,
which is robust in the presence of parameter uncertainties and disturbances. It can
constrain the system status to follow trajectories, which lie on the sliding surface. For the
sliding mode controller, the Lyapunov stability method is applied to keep the nonlinear
system under control since the sliding mode approach transforms higher-order systems
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into first-order ones. By this way, the straightforward and robust control algorithms can
be applied. The detailed analysis of the SMC method can be found in [46]. The state
equation of the dynamic characteristic of the grid connected inverter operating in the
islanding mode is shown in (3.12).

dx
= h( x) + m( x)u
dt

h( x ) = −

1
1 diinv
vinv −
LC
C dt

(3.12)

(3.13)

where x=vinv is the inverter voltage, iinv is the inverter current, u is the control variable,
and based on the Kirchhoff’s voltage law h(x) and m(x) are defined as (3.13) and (3.14).

m( x) = −

K PWM
, K PWM = Vdc / vtr
LC

(3.14)

where vtr is the amplitude of a triangular carrier signal, L and C are the filter components
of the grid interactive converter.
In order to track the inverter output to follow the reference voltage vref, it is required that
a suitable sliding surface should be defined. If the error between the measured voltage vinv
and the reference voltage is e, e= vinv – vref, a sliding surface s=(e,t) can be taken as below
equation:

d

s = e +  ,   0
 dt


(3.15)

where (e, de/dt), s=0 presents the sliding line in the phase plane with a slope equal to –λ.
The sliding mode (s=0, ds/dt=0) and the output voltage error are showed in the (3.16)
and (3.17).

de
= −e
dt

e(t ) = e(0)e− t
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(3.16)

(3.17)

The condition to that the system trajectories reach the sliding surface in a finite amount
of time is:

s(e, t )

ds(e, t )
0
dt

(3.18)

Taking the Lyapunov’s stability theorem, a function V is defined as (3.19) and the system
trajectory will be tracked onto the sliding surface searching for the origin. The searching
will be ended, and the origin is reached if dV/dt is negative definite.

V=

1 2
s (e, t )
2

(3.19)

The control variable u(t) is formed as shown (3.20) based on the aforementioned
conditions.

u(t ) = ueq (t ) + us (t )

(3.20)

In (3.20), an equivalent control input ueq is defined as shown in (3.21). The us(t)
determining the system’s trajectory on the sliding surface is defined as shown in (3.22).

ueq (t ) =

d 2 vref (t )
1 
de 
−
h
(
t
)
+
− 

2
m(t ) 
dt 
dt

us (t ) = −

1
K sgn(s)
m(t )

(3.21)

(3.22)

where K is the sliding gain. The control signal u(t) is the input of the pulse width
modulation (PWM) block to generate the switching pulses for the IGBT switches. Fig.
3.4 shows a block diagram of the SMC implemented using FPGA.
In order to validate the proposed control method, experimental tests have been carried out
on an experimental setup in a laboratory as shown in Fig. 3.1, which consists of solar PV
emulator (TerraSas, 30kW), 10.2kWh ESU, and a four-leg built-in IGBT power stack.
The dc-link voltage is set at 220V. The RMS value of the ac grid voltage is 127V. These
selections are based on the laboratory safety requirements. In fact, the experiment
voltages can be stepped up to 420V for the dc-link and 220V ac.
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Fig. 3.4. Implementation of sliding mode control using the GPIC board with FPGA Experimental
Validation of Proposed Control of IRPVS

When the PV generation unit is operating with MPPT control, the maximum power
obtained is 275W and the corresponding MPPT voltage is 100V. The experiment is
conducted under all possibilities of the emulated weather for the PV array. The worst case
of the fast constantly varying temperatures and irradiance profiles is shown in Fig. 3.5.

Fig. 3.5. The worst case of the temperatures and irradiance profiles, (a) Irradiance and
temperature profile, (b) PV power and current curves corresponding to the irradiance and
temperature profile.

The nominal voltage of the ESU is 108V. The maximum charging current and the
maximum discharging current are 9.9A and 10A, respectively, which are determined by
the ESU manufacturer. The hardware parameters of IRPVS are shown in Table 3-II.
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TABLE 3-II. PARAMETERS OF INTEGRATED RESIDENTIAL PV STORAGE SYSTEM
Energy Storage Unit
(ESU)
Ah capacity
Nominal Voltage
No. of batteries in series
MPPT Boost Converter
ESU converter
Grid-Interactive
Converter
Parameters of PI
controllers
MPPT converter
ESU converter
Grid-Interactive
Converter

Grid and DC-link voltage
Local Load

Values
33Ah
12V
9
Lb=900uH, Cb=470x2uF
LESU=900uH, CESU=1500uF
Lf=12mH, Cf=1uF
Values
K1p =-1, K1i =-0.01; K2p=0.2
K2i=0.4
K3p=0.1, K3i =8× 10−4 , K4p=0.3
K4i=-0.003,
K5p=0.04,
5
K i=0.001
K6p =-0.1, K6i =-0.001, K7p=8,
K7i=0.04
Vg=127V, 50Hz, Vdc=220V
RH=68Ω, RL=118Ω

The parameters of the SMC are chosen carefully to meet the control requirements. The
slope of the sliding surface is designed as λ =16.2 × 102, and the sliding gain K is designed
as 7.5 × 108.
The PMS control algorithm is implemented using the general-purpose inverter controller
development board, GPIC, by National Instruments (NI) with a field programmable gate
array (FPGA) chip [47]. Its basic features are summarized in Table 3-III.
TABLE 3-III. CONTROL PLATFORM CHARACTERISTIC
Feature
Processor
Memory
FPGA

Network

Parameter
Speed
Nonvolatile
System
Model
# Slices
# DSP48s

Value
400MHz
512 MB 256MB

Network
interface

IEEE 802.3 Ethernet
RS-232, RS485, CAN,
USB
16 AI, 12 bit,

Communication Port
Peripherals

Xilinx Spartan-6 LX45
6822
58

Channel
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This board has many advantages compared to the traditional digital signal processor
(DSP) in terms of the simplicity in the programming language, the ease to expand to a
larger system, the faster speed of the processor (400MHz), and particularly the much more
powerful computing capability using FPGA. The software development tool used for the
FPGA is the 2015 LabVIEW software and the Xilinx Compilation Generator is used to
compile the graphical code. The FPGA code implementation is shown in Fig. 3.6.

Fig. 3.6. The FPGA code implementation of the Power Management Strategy.

3.3.3

Test Results of Proposed Power Management Strategy in Mode I

The experimental results from Mode I (i.e. the islanding mode) are shown in Fig. 3.7. Fig.
3.7 shows that the dc-link voltage is well regulated by the ESU through dc-link voltage
control. In this mode, there is no PV power generation. The local loads are supplied by
ESU energy, the output voltage of the inverter is well maintained at the 127V-rms and 50
Hz.
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Fig. 3.7. Experimental results during load changes in the islanding mode (Mode I).

Fig. 3.8 shows the transient of the inverter output voltage when the load demand changes
from no load to the connected load. It can be observed that the inverter output does not
have any transient at the point of load changing, but it does have some ripple due to the
load effects.

Fig. 3.8. Experimental results of inverter voltage and current during load changes in the islanding mode
(Mode I).

3.3.4

Test Results of Proposed Power Management Strategy in Mode II
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The experimental results from Mode IIa (islanding mode with PV power generation) are
shown in Fig. 3.9.

Fig. 3.9. Experimental results during load changes in Mode IIa.

The dc-link voltage is regulated by the ESU by the voltage control; any excess power
from the PV power is used to charge the ESU. Fig. 3.9 shows that the dc-link voltage is
maintained constant and the ESU follows the changes in the load demand and mitigates
the impact of load variation.
3.3.5

Test Results of Proposed Power Management Strategy in Mode III

The experimental results from Mode III during the peak demand time (2 pm – 8 pm) are
shown in Fig. 3.10, Fig. 3.11 and Fig. 3.12. The test is divided into two cases: one case
with PV generation and the other without PV generation. In all these figures, Vdc is the
dc-link voltage, IESU current of the ESU, vg is the grid voltage and iL is the load current.
Fig. 3.10 shows the performance of the ESU control response to the load change when
the PV generation is no longer available (6 pm – 8 pm). Since the PV power is not
available, the local load should be fully powered by the ESU. The dc-link voltage is
regulated to stay at 220V by the GIC. It can be seen that the dc-link voltage is controlled
very well even during the load change transition. When the load power
increases/decreases, the ESU power will be also increased/decreased to satisfy the energy
demand from the local load. Fig. 3.10 shows that the dynamic response of the ESU
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converter to the load change is very fast and only a small fluctuation in the dc-link voltage
can be observed when the load is suddenly removed causing the ESU converter to stop
providing power.

Fig. 3.10. Experimental results during load changes in Mode III at peak hours without PV power
generation.

The experimental results from Mode III (2 pm – 6 pm) with the PV power generation are
shown in Fig. 3.11. This is the most complicated case as the ESU converter needs to cope
with both load change and the power fluctuation of the solar PV. In this case, the solar
PV output is controlled by the MPPT control. Fig. 3.11(a) shows the situation when the
solar PV generation is constant, therefore the ESU converter only needs to cope with the
load variation. Initially, a light load is applied (118 Ohm, resistive load), the power from
the PV generation is more than the load and this excess power causes the PMS to charge
the ESU, and so the ESU is in the charged mode. When the load changes from the light
load to the heavy load (68 Ohm), the power from the solar PV becomes insufficient and
the ESU starts discharging to compensate for the deficiency and so the ESU is now in the
discharging mode. In the worst-case scenario, the ESU is required to compensate for the
cloud passing situation when the solar PV power generation suddenly changes very
quickly (with high ramp-rate).
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(a)

(b)

(c)
Fig. 3.11. Experimental results of the ESU current during load changes in Mode III: (a) constant PV
power generation, (b) fast changing of PV power generation, and (c) zoomed version of the PV fast
changing area in (b).
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The main function of the ESU in this mode is to ensure constant supply to the local load
by compensating for the changes in the PV output. Fig. 3.11(b) shows one of the worst
cases, when the system is tested under a cloudy day profile, where there is a rapid
variation of the temperature and the solar irradiance. In this test, the proposed PMS was
verified with the case of the continuously changing maximum power points of the PV
generation unit. Fig. 3.11(b) shows that the ESU copes well with the fast changes of the
PV output power and the load demand. Fig. 3.11(c) shows a zoomed part in some dynamic
transient points from Fig. 3.11(b). Fig. 3.11(c) clearly demonstrates the excellent
compensation by the ESU for the PV and the load changes.
Fig. 3.12 shows the performance of the proposed system when the ESU reaches the
minimum SoC, SoCmin; resulting in the ESU converter stops supplying power to the load.
In this case, the grid is used to supply the local load. Fig. 3.12 shows that the grid power
is negative, which means that the grid is supplying the load. Figs. 3.7–3.12 show that the
proposed system is effective, stable, and robust against various scenarios studied.

Fig. 3.12. ESU discharging current at SoCmin.

3.3.6

Test Results of Proposed Power Management Strategy in Mode IV

Fig. 3.13 shows the experimental test results from the IRPVS system in mode IV (10 pm
– 7 am).
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Fig. 3.13. ESU charging current in the mode IV.

In this mode, the local load is powered by the grid power, as the electricity price is low
during the off-peak period and is significantly less expensive compared to that during the
peak period. In this mode, the ESU will be charged to its maximum SoC. The GIC is in
rectifier mode as current flows through the parallel diodes acting as a full bridge rectifier
without any extra control to the IGBT. The GIC controller sends the disable signals to all
the IGBTs to disable the H-bridge inverter. The ESU converter is controlled to charge the
ESU under CC/CV mode, which has been discussed in section III. Fig. 3.13 shows the
grid current ig, grid voltage and ESU charging current at 2A maximum. The 3.3kWh ESU
with 108V nominal is charged from 75% SoC to its full level of charge during the offpeak time.
It is noted that the charging current in Fig. 3.13 is marked as “positive”, which is
inconsistent with the marking of the ESU current defined in the Fig. 3.7 to Fig. 3.12. This
is because the measurement equipment (N2718A Current Probe-Agilent Technologies)
has been set up so that the current flows through the current probe is in the same direction
with the charging current, that makes the charging current be marked “positive” to obtain
the “positive” charging current as the charging current shown in Fig. 3.14 where the
relation of the experimental charging current and voltage are shown in the graph to
distinguish the two charging regions which are the current mode and the voltage mode.
Fig. 3.14 shows the charging curve produced by the HIOKI 3198 Power Quality Analyzer
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during this charging period from 23:00pm to 6:40am (7.4 hours).

Fig. 3.14. Charging data collected by Hioki Power Quality Analyzer 3198 .

The initial ESU voltage is 107 V. There are nine 12V-lead acid batteries connected in
series in the ESU. The maximum reference current is set to 5.2A, which is chosen to be
less than 0.2C charging current (6.6A). As shown in Fig. 3.14, during the CC mode the
ESU current remains constant, and the battery voltage increases until it reaches the
gassing voltage of 126.9V, then, the ESU converter switches to CV mode to make ESU
current to 0.01C or 0.33A until the ESU is fully charged. At the end of this phase, the
ESU is left in an open circuit condition, and the battery voltage is 116.9 V, corresponding
to 2.1648 V for one ESU- cell and the SoC has reached to 93%.
3.3.7

Test Results of Proposed Power Management Strategy in Mode V

In this mode, the IRPVS system is controlled to exchange power between the PV system,
the grid power, and the load. The ESU converter is disabled in this mode as the ESU is
already fully charged during the off-peak time and its energy is needed to supply the local
load in the peak time. Fig. 3.15 shows the grid current when the excess solar PV power
is injected to the grid. Fig. 3.16 shows the dynamic power exchange between the solar
PV and the grid when the local load and the PV power are changing simultaneously. Fig.
3.16 shows that with the heavy load, the PV power is insufficient, and the load demand
is compensated by the grid power. In the next phase, when the load changes from high
load to low load, the solar PV is generating excess power and the excess power is injected
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to the grid.

Fig. 3.15. Grid current and DC link voltage.

Fig. 3.16. Power exchanges between grid, PV and load in mode V.

3.4

Summary

The contributions and the novelty of this chapter are the investigation of the stability and
robustness of the whole system operating under different operating modes and
demonstrated through the laboratory experiments, where the worst scenario of the PV
irradiation profile is used with the transitions between the operating modes. In addition,
the proposed control strategy with the switching modes of the controllers in each
operation mode has been verified. All controllers are designed carefully with high-gain
feedback to mitigate the effect of any system parameter variations. It is important to
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ensure the stability and robustness of a power/energy management strategy for PV with
storage considering the time of use before applying the strategy to the real system.
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Chapter 4. Mitigation of Solar PV Intermittency Using
Ramp-Rate Control of the Energy Buffer Unit

4.1

Introduction

In the last few decades, the grid integration of the PV systems has increased significantly
to help solve the issue of the depletion of fossil fuels and the global warming caused by
the climate change [48]. However, with a high PV penetration, the stochastic nature of
the PV output power fluctuation can cause new challenges to the power grid, such as
voltage and frequency fluctuations with a high ramp-rate at the point of common coupling
(PCC), especially when there are passing clouds. These issues are difficult to predict and
determine [49]. In order to reduce the effects of the PV power output fluctuations on the
grid, an energy buffer unit (EBU) is commonly used in the PV systems. The EBU can be
any types of energy storage device, such as the Li-ion batteries (LIB), the lead acid battery
(LAB), the superconducting magnetic energy storage (SMES), or the super-capacitor
(SC). The traditional purpose of the EBU is to smooth out the PV power fluctuations, feed
the power to the critical local load and support the grid in the case of high demand. The
LAB has a further drawback of slow responses compared to other EBUs, however,
because of the low system initial cost; it has been the preferred choice. The main purpose
of the LAB is to compensate the PV power which feeds to the local load in order to reduce
power grid consumption to zero and to support a weak distribution gird during the peak
demand. However, in this chapter, it is proposed to utilize the LAB to smooth out the PV
power ramp-rates as well.
In general, the variable ramp rates of the PV output power are inevitable, and it is
acceptable if these power ramp-rates are within the standard defined by the grid operator.
Authors in [50] have shown that the aggregated power output of multiple sites is
significantly smoother than individual sites due to inherent geographical diversity. In
other words, the aggregated power output of many stochastic PV systems may give rise
to an inherent smoothing effect. This may reduce the need for smoothing. On the other
hand, with a smart grid where the PV power production can be forecasted hour-ahead,
every PV power ramp up/down can be predicted, and the grid operators can usually act
in advance. However, there are still events that cannot be forecasted, such as the cloud
passing, which can cause the output power of the PV inverter to fluctuate at high ramp
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rates [51], [52]. It is necessary to smooth out the PV power fluctuations and to reduce the
high ramp rates before feeding the PV power into the grid, even for small scale PV
systems.
The residential PV (RPV) system with energy storages has been studied and reported in
literature [53] – [58]. The optimal methods for a home energy management system have
been proposed in [53] – [55], and the results show that the energy bill can be reduced
effectively when a battery energy storage system is integrated with the PV system.
Authors in [56] proposed a day-ahead optimal scheduling for power management using
dynamic programing algorithm, the fluctuations of the grid power are reduced, however,
the local load still must take power from the grid. Authors in [57] presented an energy
management strategy with several operation modes to take advantages of the time-of-use
pricing scheme. However, the study has not considered power fluctuations when injecting
the PV power into the grid. In [58], a dynamic power management for a residential PV
with a hybrid storage device which comprises of a battery and a super-capacitor bank is
proposed. However, the authors did not consider the mitigation of the PV power ramprate fluctuations.
In the utility scale, references [59] – [63] proposed a method to smooth out the PV output
power connected to the medium or high voltage grid using energy storage devices.
Reported papers proposed to achieve this by using the conventional smoothing methods,
such as the coordination of the low pass filter, the moving average and the ramp-rate
control with an optimization algorithm. However, for the RPV systems, such as in
residential homes, electric vehicle charging stations, business centers, or water pumping
stations, there are only few reports on the mitigation of the PV power fluctuation with a
high ramp-rate in the literature. This is because of the small size of a RPV system, ranging
between 2 to 10 kW will not cause a significant impact on the distribution grid feeder.
However, the issues become significant when the penetration of the RPV increases.
Authors in [64] have proposed to compensate the PV power ramp-rate using the EBU.
The method is straightforward, simple, and effective; however, the authors have not
considered the potential benefit of maximizing the use of the EBU stored energy for local
consumption by taking advantage of the time-of-use tariff.
If the EBU energy is used to control the high ramp rate of the PV power at the PCC, then
the EBU may not able to contribute significantly to the curtailment of the grid power; this
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means that the main purpose of the EBU is only to mitigate the PV power ramp rate. This
can result in the low utilization of the EBU because there are cases when there is no
significant PV power ramp-rate (i.e. no passing cloud events), then the EBU will be in
the idle mode while the local loads are being supplied from the grid, resulting in the
increase in the electricity bill. This can be seen in Fig. 4.1. This will not be beneficial or
economical from the end users’ point of view because of the high cost of EBUs. To make
it beneficial to the users, an RPV-EBU system should supply energy to the local load in
order to minimize the grid electricity consumption [65], [66].
To solve the research gap of the aforementioned issues, an advanced power management
strategy is proposed in this chapter for an RPV-EBU system. The PV power ramp-rate
control is activated only when the PV power is being injected to the grid. The main
purpose of the proposed power management strategy is to maximize the use of the PV
and EBU power to supply the local load such that the power from the grid will be
minimized. The ramp-rate control is obtained at point G, as shown in Fig. 4.1, only when
there is no load or during a low load and the total PV and EBU power is being fed to the
grid. The target is to keep minimizing the grid power consumption and to support the grid
when needed.

Fig. 4.1. RPV-EBU system configuration.

In addition, recent research in PV power ramp-rate control has been mainly concerned at
the system level [62], [64], and the fast-dynamic performance of the power electronic
switches is usually not considered. Therefore, a simplistic model of the RPV-EBU is often
used to integrate the concept of the ramp-rate control using simple mathematical
equations. To fulfil this gap in the research field, a component level design of the RPVEBU system is carried out in this chapter using detailed switching models of the power
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electronic converters.
The main features of the proposed strategy are: i) to minimize the grid power consumption
by maximizing the supply to the local loads from both the PV and EBU power such that
no grid power is being supplied and to take into account the time-of-use tariff; ii) to inject
a smoothed power into the grid when there is an excess PV power using the ramp-rate
control technique. In order to obtain the above features, the proposed power management
with its control system has to be designed properly and robustly, such that it must: i) have
a fast respond to both load changes and PV power fluctuation with high ramp rates and;
ii) be feasible for practical applications with hardware and software selected.
4.2

Configuration of the PV-EBU system

The configuration of the RPV-EBU system is shown in Fig. 4.1. The power stage consists
of three power converters: the PV converter, the EBU converter and the grid converter.
The PV converter is a power boost converter, the EBU converter is a bidirectional
buck/boost converter and the grid converter is a 3-phase 3-level neutral point clamped
converter (3P3L-NPC). The PV power generation is controlled by the PV converter using
the perturbation and observation (P&O) algorithm to operate at the maximum power point
(MPP). A bidirectional dc–dc power buck/boost converter is used to control the EBU
power to realize the proposed PMS algorithm. The three-phase grid connected converter
is commonly deployed by a two level three phase converter, however, in recent years, this
type of converter has been replaced by a multilevel converter as it has higher power
density with lower current distortion [67] – [69]. Among the multilevel converters, the
three-phase three level (3P3L) neutral point clamped (NPC) converter is becoming an
attractive topology for interfacing renewable energy sources to the grid [70] – [72]. To
reduce the grid current harmonics, an LCL grid low pass filter (LPF) is used.
4.3

Proposed power management strategy

In this Section, the basic concept of the proposed PMS strategy is explained based on Fig.
4.1. The EBU power can be controlled (i) to maximize the use of the PV and EBU power
to supply the local loads only in order to have zero grid power consumption, this is
referred to as the load feeding (LF) mode, or (ii) to compensate the high PV ramp-rates
due to passing clouds when the PV power is injected into the grid, this referred to as the
grid feeding (GF) mode. Considering the losses in the power converters, with the total
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efficiency of the PVEBU system is denoted by η, the general expression of the reference
EBU power is shown below:

PEBU , ref =

PEBU ,ref =

1



1



PLoad − Ppv ;

PLoad  PL min
(4.1a)

( Pg + PLoad ) − Ppv ; PLoad  PL min
(4.1b)

where PEBU,ref is the reference EBU power required, Ppv the PV power, PLoad the load
power, Pg the grid power and PLmin is the predefined value of the load power that decides
whether the PV-EBU system operates in LF mode or GF mode. The PLmin is calculated
depending on how much energy the end users want to sell to the grid. PLmin can be
calculated based on the following equation.

(

)

PL min =  PEBU + Ppv − Pg max

(4.1c)

where Pgmax is the maximum injected grid power.
In (4.1a), the RPV-EBU operates in the LF mode, the charging/discharging of the EBU
is controlled based on the difference between the PV power and the load power. If the PV
power is greater than the load power, the EBU is in charging mode if the maximum EBU
state of charge (SoCmax) has not been reached. In the case if the EBU reaches the SoCmax,
the excess PV power should be injected into the grid in grid feeding mode without ramprate control. The EBU current is set to zero as shown in the flow chart of the proposed
PMS algorithm in Fig. 4.2.
If the PV power is less than the load power, the EBU is in discharging mode if the
minimum EBU state of charge (SoCmin) has not been reached. In the case that the EBU
reaches the SoCmin, the grid power will compensate for the lack of PV power to supply
the local load; the EBU current is set to zero as shown in the flow chart of the proposed
PMS algorithm in Fig. 4.2. The reference EBU current at the kth interval IEBU,ref (k) can
be calculated as:

I EBU ,ref (k ) =

PLoad (k ) − Ppv (k )

VEBU (k )
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(4.2)

Fig. 4.2. Flow chart of the proposed PMS algorithm.

In (4.1b), the EBU is controlled in GF mode. Taking the time derivative at both sides of
(4.1b), the ramp-rates of the grid power now relate to the ramp-rates of the EBU power,
the PV power and the load power as the following expression:

dPEBU , ref
dt

1  dPg dPLoad
= 
+
  dt
dt

 dPpv
 −
 dt

(4.3)

As the rate of change of the load is very low (in terms of minutes) compared to the
response time of the control system (in terms of microsecond), it can be assumed that the
load power is not changed, dPLoad/dt=0, and therefore (4.3) can be rearranged as:

dPEBU ,ref
dt

=

1



DRRG − PVRR

(4.4)

where DRRG is the predefined grid power ramp-rate, and PVRR is the PV power ramprate.
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The PVRR can be calculated based on the sampling time Ts of the PV voltage and current.
In order to determine when the PV power ramp-rate needs to be compensated, a dead
band of the PV power ramp-rate is designed with a limited PV ramp-rate value, PVRRlim.
The value of PVRRlim is based on the requirement from grid operators. If |PVRR| is less
than |PVRRlim|, there is no control action for the RRC, the RPV-EBU system is controlled
to inject a constant power Pg,const into the grid based on a standard agreement with the
utility. The EBU reference current is expressed as:

 Pg ,const (k ) + PLoad (k ) −  Ppv (k )

VEBU (k )
I EBU ,ref (k ) = 
 PVRR  PVRR ; SoC (k )  SoC
lim
res


(4.5a)

In (4.5a), SoCres is the reserved EBU energy, the value is assumed to be 70%. If the
condition of the state of charge is not satisfied, the EBU reference current is set to zero.
The parameter SoCres is the reserved EBU energy, and can be calculated from:

SoCres = SoCmin +

tu Econ
VEBU C

(4.5b)

where SoCmin is the minimum of SoC, tu is a required number of hours that local loads can
be supplied by the EBU only without PV. Econ is the energy consumption per hour. C is
the EBU capacity, VEBU is the EBU voltage.
If |PVRR| is greater than |PVRRlim|, the PV power ramp-rate is smoothed out using (4.3).
It is noted that in order to reduce the grid power ramp-rate, DRRG is chosen to satisfy the
condition given below:

1



DRRG  PVRR

(4.6)

To ensure the EBU is not over-charged/discharged, the gradient of DRRG should be
chosen to be the same as the gradient of PVRR. It means that DRRG is positive when the
PV power ramp is up and negative when the PV power ramp is down. It can be observed
from (4.5a) that the EBU power gradient is opposite to that of the PV ramp-rates. The
flow chart of the proposed PMS is showed in Fig. 4.2. The EBU power at the kth interval
can be calculated as follows:
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PEBU (k ) = PEBU (k − 1) +

PEBU
(k )Ts
dt

(4.7)

The EBU reference current at the kth interval is calculated in (4.8).
dPEBU

 PEBU (k − 1) + dt (k )Ts
I EBU , ref (k ) = 
VEBU (k )

 PVRR  PVRRlim ; SoC (k )  SoCres

4.4

(4.8)

The control System of the PV-EBU System

Fig. 4.3 shows the main circuit of the PV-EBU system and its detailed control strategy.
Each power converter in the system has its own controller, and the EBU reference current
is generated based on the proposed PMS algorithm, which is discussed in section 4.3. All
the controllers are designed to have a good performance with quick response capability
and robustness.

Fig. 4.3. Proposed circuit diagram of the PV-EBU system and its detailed control strategy.

To track the MPP of the PV array, the P&O algorithm is used to find the reference voltage
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and a PI controller is used to maintain this reference voltage [73]. The P&O algorithm is
a simple but effective method for the MPPT [74]. However, it is easy to be unstable or
even lead to vibration in case of fast cloud passing or shading. This method can be
improved in many ways to reduce the steady-state oscillation as reported in [75]. In this
chapter, a PI controller is designed with a very fast response to improve the P&O
algorithm. The output control signal of the MPP tracking (MPPT) controller is expressed
as follows:

d pv


k ipv  ref
p

 V pv − V pv
= k pv +

s 



(

)

(4.9)

The charging/discharging of the EBU battery is regulated by a bi-directional buck/boost
converter as shown in Fig. 4.3. This converter has two control variables: the EV charging/
discharging current and the EBU voltage as the whole charging procedure will experience
two phases, namely, constant current charging (CC) and constant voltage charging (CV).
The EBU charging/discharging current is controlled by a PI current controller with the
reference input generated by the proposed PMS algorithm. The output control signal of
the PI current controller is expressed in (4.10).


ki
dcc =  kccp + cc

s


 ref
 I pv − I pv


(

)

(4.10)

The EBU converter is switched to voltage control when the EBU reaches its gassing
voltage and the converter is regulated to keep the EBU voltage constant until the charging
process is completed. The output control signal of the PI voltage control is given in (4.11).


ki
dvc =  kvcp + vc

s


 ref
 VEBU − VEBU


(

)

(4.11)

The NPC grid converter (NPC-GC) plays the key role in the RPV-EBU system and the
control of the NPC-GC is not easy to be obtained because of the non-linear factors. The
control system of the NPC-GC is shown in Fig. 4.3 and the space vector modulation
(SVM) is chosen as the modulation method due to its lowest harmonic performance. The
NPC-GC is controlled to follow the grid voltage as a current source to inject a desired
active and reactive current to the grid. A two-loop control is deployed, the inner control
loop controls the converter output active and reactive current, which enables the outer
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loop to control the dc link voltage. The controllers are designed based on the average
model for the NPC converter in d-q frame. The average model and the equivalent circuits
in d-q frame are derived. The inner current control loop in the d-q frame is a proportional
integration (PI) controller and its output is the d-q frame-based duty cycle.
This duty cycle is later converted to the abc-frame based for the input reference of the
SVM modulation block. The input of the current loop is the d-q frame based active and
reactive current reference idref and iqref. The outer loop is designed to control the active
power, which balances the grid and the load power with PV and EBU power. Therefore,
the dc-link voltage of the NPC must be regulated. This outer loop will produce the active
current reference idref. The reactive current reference can be defined by the grid operator
when needed.
In order to design the control loop with a good performance, a detailed model of the NPC
with LCL filter is analyzed. The state-space equations in d-q coordinates are derived and
the control loop is designed based on these equations. The output of each phase leg has
three switching states, +1, 0, and −1 or P, O and N. This results in 3n (n = 3 for the threevoltage level) possible combinations. There are 27 state-space vectors as shown in Fig.
4.4.
According to Fig. 4.4, there are 24 active states including six double vectors V1 to V6, 12
single vectors V7 to V18 and the remaining one triple vector, V0 are zero states (PPP,
OOO, NNN) that lie at the center of the hexagon. The switching states of the NPC in Fig.
4.3 are defined as follows:
 Si , x ( x = a, b, c) : NPCswiches

State +1(P), S1, x , S2, x :ON, VxN = Vdc / 2

State 0(O), S2, x , S3, x :ON, VxN = 0
State − 1(N), S , S :ON, V = −V / 2
3, x 4, x
xN
dc
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(4.12)

Fig. 4.4. Space vector for a three level three phase NPC inverter.

The switching function can be generalized as:
1,if i connected to j, i = a, b, c,and j = P,O, N
kij = 
0,others

(4.13)

The NPC output voltages can be tracked by Vref as shown in Fig. 4.4. This reference value
can be calculated based on the grid voltage in both the abc coordinates and the α-β frame.
In the abc coordinates:

vref =

(

2
van (t ) + vbn (t )e j 2 /3 + vcn (t )e− j 2 /3
3

)

(4.14)

In the α-β frame:

Vref = V + jV = Vref e j

 = tan −1 (V / V )

(4.15)

Fig. 4.4 shows that the NPC reference voltage Vref is in relation to the state space vectors.
The Vref is composed of a group of three nearest space vectors. As shown in Fig. 4.4, Vref
is composed by V1, V7, V2. The on-time of each vector ta, tb, tc, is computed during a
sampling period (Ts) as follows:
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Vref Ts = V1ta + V7tb + V2tc

(4.16)

The duty cycle for the power switches ON and OFF is computed based on ta, tb, tc. The
next step is to design the controllers for the NPC grid connected converter. In order to
design a good controller with a high performance, the d-q based small-signal transferfunction of the grid current (igd) to the controlling variable (ud) Gid, and the dc-link voltage
(vdc) to the grid current Gvd should be considered.
In this chapter, it is assumed that the losses are ignored, and the equations of the NPC
converter connected to the grid at the inverter and grid side are described as below:

vabc = L f

diinv,abc
dt

dig ,abc

vCf ,abc + vN = Lg
iCf ,abc = C f

+ vCf ,abc + vN

dt

dv f ,abc
dt

+ vg ,abc

(4.17a)

= iinv ,abc − ig ,abc
(4.17b)

1
vN = vabc
3

where vabc and iinv,abc are the phase voltage and current at the NPC converter output,
respectively, vg,abc and ig,abc are the phase voltage and current at the PCC, respectively,
and vCf,abc is the capacitor voltage of the grid filter. Based on (4.14)–(4.17), the output
control signals of the PIVdc, PIid and PIiq controllers respectively are calculated as follows.

 p
ki 
dvdc =  kvdc
+ vdc  Vdcref − Vdc

s 


(

 p kdi
ud =  kd +

s


 ref
 id − id


(

)


kqi  ref
p
uq =  kq +  iq − iq

s 



(

)

(4.18)

(4.19)

)

(4.20)

All the control techniques are implemented digitally using a field programmable gate
array (FPGA). The implementation of the control algorithm is discussed in Section 4.6.
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4.5

Simulation Results

To validate the performance of the proposed PMS strategy, a detailed switching model of
the entire RPV-EBU system is programmed in the MATLAB/Simulink environment. The
schematic diagram and the principle of the proposed control technique are developed as
shown in Fig. 4.3. A typical 5 kWh lead acid battery model in Simulink library is used as
an EBU for the simulation. The SoC can be calculated as:
t

1
SoC (t ) = SoC0 +  iEBU (t )dt
Ct

(4.21)

0

where SoC0 is the initial SoC at t = t0, C is the nominal EBU capacity, and iEBU(t) is the
EBU current at time t.
The irradiance profile is selected according to the historical PV output power, one with
low power ramp-rate and three with high power ramp-rate events for the 10 second-period
of simulation. To present the advantages of the proposed PMS, a recent ramp-rate control
strategy, which is developed based on the PV power gradient method [62], [64] is used in
this chapter. To observe the system dynamic performance, the simulation time is divided
into 3 main window times: the window time WT1 starts from the beginning of the
simulation to the 4th second, WT2 starts from 4th second to 8th second and WT3 starts
from 8th second to the end. In WT1, the PV power ramp-rate (PVRR), PVRR0, is 0.4kW/s
from the t1=1(s) to the t3=3(s). This ramp-rate is considered as low ramp-rate. In WT2,
there are 3 PVRR events, the first one, PVRR1, is when the ramp rate is negative with ˗2
kW/s from t4 = 4(s) to the t5 = 5(s), the second one, PVRR2, is when the ramp rate is
positive with 2.1 kW/s from t6 = 6(s) to the t7 = 7.2(s). The last one, PVRR3 is when the
ramp rate is negative with -1.3kW/s from t7 = 7.2(s) to the t8 = 8(s). These ramp-rates are
considered as the high ramp-rate events.
The simulation has been made for the proposed PMS and the conventional ramp-rate
control strategy (RRCS) under the same conditions. For simplicity, it is assumed that there
are no losses. To select the ramp-rate threshold limit to apply the proposed PMS, the
PVRRlim is selected at 0.5 kW/s, which is equal to 12.5% of the rated PV power. This
value is chosen to observe the ramp-rate event at the simulation time of 10 seconds. The
EBU is allowed to operate between the ranges of 40% to 100% SoCmax. To allow for
charging and discharging for the ramp-rate control, the initial SoCinit value is set to 80%.
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4.5.1

Conventional Ramp-Rate Control Strategy

The simulation results are shown in Fig. 4.5 for the conventional ramp-rate control
strategy showing the power of the grid converter Pg, the PV power, Ppv, the EBU
compensation power PEBU, the NPC inverter output Pinv, and the load power.

Fig. 4.5. Conventional PV power ramp-rate control: (a) Pinv, Pg, Ppv, PLoad and (b) EBU power.

Fig. 4.5 shows that the output power of the grid converter is smoothed out when the PV
power output has a high ramp up/down. These events take place in WT2. When there is
no significant ramp up/down during WT1 and WT3, using the conventional ramp-rate
control strategy, the EBU does not act and it is in the hibernation mode while the local
load is taking power from the grid. This is not a beneficial way to utilize the EBU. Taking
the period from t1 = 1(s) to t2 = 2(s) in WT1 for example, the local load has changed from
PLoad = 2.8 kW to PLoad = 5.7 kW, and at this time, the PV power generation is not adequate
for the local load and using the conventional ramp-rate control strategy, the local load
will need the compensation power from the grid. During WT2, the EBU starts
compensating for the PV output power as PVRR1, PVRR2, and PVRR3 are higher than the
PVRRlim. In WT3, there is no ramp-rate event taking place, the EBU is in hibernation mode.
The local load power is less than PV power, and then excess PV power is injected to the
grid.
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4.5.2

The Proposed PMS with Ramp-rate Control

Fig. 4.6 shows that with the proposed PMS, the use of the EBU is maximized.

Fig. 4.6. Proposed PV power ramp-rate control: (a) Pinv, Pg, Ppv, PLoad and (b) EBU power.

In WT1, there are no PV power ramp-rates; the EBU energy compensates the PV output
power to support the local load to ensure zero grid power consumption. In WT2, there is
no local load, the PV power should be injected to the grid and if a high ramp-rate event
happens such as PVRR1, PVRR2, the EBU should be controlled to discharge energy to
smooth out the PV output power. The predefined grid power ramp-rate |DRR| is 0.8 kW/s.
In Fig. 4.6, during the negative fluctuation of Ppv with PVRR1 at −2 kW/s, the proposed
PMS strategy controls the Pinv ramp-rate at −0.8 kW/s. During the positive ramping event
PVRR2 at 2.1 kW/s, the grid power ramp-rate is 0.8kW/s which is controlled using (4.8).
In general, both methods can mitigate the fluctuations in the PV output, as shown in Fig.
4.5 and Fig. 4.6. However, the system with the proposed PMS has a better utilization of
the EBU. According to the RRCS, Pinv tracks Ppv when the ramp-rate of Ppv does not
exceed the desired ramp-rate at that time. This means that the inverter output power
follows the PV output power. Therefore, in case of insufficient PV power, the local load
will take the grid power. In contrast, the proposed PMS will make use of the EBU power
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to support the local load by compensating for the PV output power. In Fig. 4.5 and Fig.
4.6, the zero values of PEBU are highlighted using dotted circular shapes. It can be
concluded that, with the proposed PMS, the EBU can bring more benefit to the costumers
to repay for the energy storage investment by reducing the electricity bills while still
relying on the grid during emergency conditions. The “spikes” in Fig. 4.6, showing the
power transferred to the grid Pg (blue line) is due to the time required to sense that the
load current has changed and for the controller to determine the proper battery reference
current to compensate for the load change. The spikes will therefore occur both in the
conventional and the proposed approach and they are dependent on the speed of the
microprocessor used. The dynamic performance of the proposed PMS strategy is shown
in Fig. 4.7.

Fig. 4.7. The dc-link voltage and output NPC inverter currents: (a) dc-link voltage Vdcref, Vdc and (b)
three phase output NPC inverter currents Iinv,abc.

Fig. 4.7 shows that the dc-link voltage Vdc and the NPC inverter currents. Fig. 4.7 shows
that in WT1, the RPV-EBU operates in the load feeding mode; the local load is fed by PV
power and EBU power. All the NPC inverter currents flow to the local load. The dc-link
voltage has some ripples when the load is changing. In WT2, WT2, all the NPC inverter
currents flow to the grid and the grid power can be smoothed out by the proposed PMS.
The dc-link voltage is well maintained as there are no spikes during the ramp-rate control.
The NPC converter output currents at the time of load changing and the EBU status are
shown in Fig. 4.8 and Fig. 4.9, respectively.
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Fig. 4.8. Output NPC inverter currents when load changing at the t=3(s).

Fig. 4.9. EBU status: (a) state of charge SoC (%), EBU current (A), EBU voltage (V).

4.6

Experimental Results of PV-EBU System

The main objective of the chapter is aimed to achieve a compact integrated power module
(IPM) which can be commercialized using mass production for the residential PV
applications, especially for the future smart grid or micro-grid. For this reason, the power
devices and the control board technology are considered. IGBT SKM50GB 123D from
SEMIKRON is chosen for the power switches due to its reliability and its high voltage
and high current rating. The control board is developed based on the general-purpose
inverter controller board (GPIC) from National Instrument [76]. This platform has
advantages over digital signal processor (DSP)-based control system in term of the
modularization and the integration in the smart grid environment. The control part of the
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proposed controller, as shown in Fig. 4.3, has complex structures to accomplish pulse
width modulation, control loops and communications. The authors choose a multiplatform control card from the National Instrument called GPIC (general purpose inverter
control), with DSP functions and FPGA. The DSP is utilized for the high-speed
computation of the space vector modulation and the FPGA is utilized to output the PWM
signals. While cheaper microcontrollers or DSPs can be used, they do not have the
necessary flexibility in performing the above functions. Further, the programs may need
to be written in lower level programming language, and hence more time may be required
in term of debugging and expanding. The experimental tests are not only conducted for
the PV ramp-rate control performance, but also for the entire RPV-EBU system
functionalities. Therefore, the performance tests of the IPM with its control algorithm are
conducted under various scenarios.
Fig. 4.10 and Fig. 4.11 show a detailed block diagram of the scaled laboratory prototype
for the RPV-EBU system and the photograph of the test platform. I1 and I2 are inductors
of the PV boost converter and the EBU converter, respectively. The IGBT power switches
of the IPM are controlled by pulse width modulation (PWM) signals which are generated
by the GPIC card based on the designed control algorithm.
The PV emulator (TerraSas) consisting of three units with rated power of 30kW (Fig.
4.11) is used to emulate the PV generator. It can emulate the PV arrays both in series and
parallel connections. The sun irradiation can be programmed into the emulator and any
PV modules by existing manufacturers can be emulated and even new PV modules can
be created by the users using the TerraSas GUI interface.
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Fig. 4.10. A detailed block diagram of the test platform.

Fig. 4.11. A photograph of the test platform.

The FPGA implementation of the proposed PMS is shown in Fig. 4.12.

71

Fig. 4.12. FPGA Implementation of the PMS algorithm.

The data in Fig. 4.13(a) was programmed by the authors in the PV emulator (TerraSas)
to emulate the sun irradiation that includes the passing cloud. The RPV-EBU system is
tested under the worst-case PV irradiance as shown in Fig. 4.13. The maximum power
generated by a single PV is 275 W at the MPP voltage of 100 V. The dc-link voltage is
maintained at 220 V with the grid RMS voltage is set to 127 V, which is obtained by
stepping down the voltage of the utility grid via an isolation transformer as shown in Fig.
4.11.
The experimental parameters of the prototype PVEBU system are shown in Table 4-I and
Table 4-II.
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Fig. 4.13. PV irradiance profile in a heavy cloudy day from the TeraSas PV simulator: (a) irradiance
profile with temperature changing, (b) photovoltaic curve.

TABLE 4-I. EXPERIMENTAL PARAMETERS OF THE RPV-EBU SYSTEM
Components

Values

EBU Capacity
No. of single batteries
Working voltage

33Ah
9
12V (single battery)

PV boost converter

I1 Inductor =900 µH

EBU battery converter

I2 Inductor =900 µH

Grid filter
Grid parameters
dc-link voltage
Load

Lf =12mH, Cf =1µF
Vg-RMS=127V, 50Hz
220V
RH=68Ω, RL=118Ω,

TABLE 4-II. CONTROL PARAMETERS OF THE RPV-EBU SYSTEM
Converters
PV boost converter
EBU buck/boost
converter

Control parameters
p
k pv
= −1, k ipv = −0.01

i
kccp = 0.1, kcc
= 9  10−4
i
kvcp = 0.15, kvc
= 3  10−3
p
i
kvdc
= 0.6, kvdc
= 0.02

NPC grid converter

kdp = 0.1, kdi = 2.2  10−3

kqp = 0.03, kqi = 1.2  10−3
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Fig. 4.14(a) presents the dynamics of the EBU discharging current during the load
changing without the PV power generation.

Fig. 4.14. Experimental results of the PV-EBU system: (a) without PV power generation and (b)
with constant PV power generation.

Fig. 4.14 shows that EBU power will track the load power demand to ensure that there is
no power taken from the grid. There is no EBU power generated during the no load
condition. Fig. 4.14(b) shows the RPV-EBU system’s performance with a constant PV
power generation and the transient from this state to the state of no PV power in the load
feeding mode. Fig. 4.14(b) shows that the transient is smooth and the EBU generates more
power immediately to supply the load.
Fig. 4.15(a) shows the PV-EBU system’s performance during both the load feeding and
the grid feeding modes of the proposed strategy compared to the conventional strategy as
shown in 4.15(b). The transients of the system under the worst case of PV power
generation, where the irradiance and temperature changes quickly are presented. Fig.
4.15(a) shows that during the load feeding mode (T1, T3), the PV power is compensated
by the EBU power to supply the local loads, even under the load variations. In the grid
feeding mode (T2), there is a PV power ramp-down at a ramp-rate of 60 W/s. The EBU
power, controlled based on the proposed PMS with ramp-rate control, will act
immediately to generate power to compensate for the PV power ramp-down. In Fig.
4.15(b), the EBU is controlled to compensate only the PV power ramp-rate (T2), such that
the load changing is not compensated (T1, T3) and the EBU is kept in hibernation or
unused if there are no exceeded PV power ramp-rates.
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Fig. 4.15. Experimental performance of: (a) LF and GF modes with the proposed PMS and (b)
conventional ramp-rate control.

Fig. 4.16(a) shows the performance of the RPV-EBU system when the EBU is disabled,
because the SoC value is out of its working range. It is observed that in the case of a heavy
load, the PV power generation is insufficient, and the load demand is powered by the grid
power. In other case, when the load changes to the low load, the PV generates the excess
power and this excess power is fed to the grid. Fig. 4.16(b) shows the experimental grid
current in the grid feeding mode, in the case when a required amount of power is
necessary to help the local distribution grid during a peak demand.

Fig. 4.16. Experimental results PV-EBU system, (a) when EBU is disabled, and (b) in the grid feeding
mode.
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Fig. 4.17(a) shows the experimental NPC grid current in the islanding situation when no
grid is connected to the RPV-EBU system. Fig. 4.17(b) shows the grid current’s
performance when the RPV-EBU system stops feeding power to the grid.

Fig. 4.17. Experimental results of the PV-EBU system when, (a) the NPC output voltage in the
islanding situation and (b) the grid current transient when the PV-EBU stops injecting power to the
grid.

4.7

Summary

In this chapter, a new power management strategy with ramp-rate control for an RPVEBU system has been presented. The proposed strategy helps the energy management
system effectively and controls the power balance between the PV power generation,
EBU power, the home load demand and the grid power. This will provide an opportunity
for the consumers to become prosumers in order to maximize the benefit of the residential
PV system. In this technique, the local load is the priority and must always be supplied
on demand. The technique can be considered as the demand side management for the
residential PV system. This will help to mitigate the high-power ramp-rate of the PV
while providing a reliable power to the local load. The details of the component level
design of the proposed system have been provided. The simulation and experimental
results have verified the feasibility of the proposed system and its control algorithm. The
proposed system will have a great potential for residential PV applications particularly in
future smart grids and micro-grids. The EBU provided added value to any available
energy storage system by providing ramp rate control. This will not necessarily reduce
the cost of the storage module, but it will increase its utilization.
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Chapter 5. Energy Management Approach for a SolarPowered EV Battery Charging Facility to Support
Distribution Grids
5.1

Introduction

The electric vehicle (EV) has become increasingly attractive in recent years after the
intensive efforts by the governments, automakers and environmental activists [77]. EVs
can provide a holistic solution to achieve a zero consumption of fossil fuels and
consequently can reduce the air pollution and global warming. However, by nature, EVs
need to be charged frequently using the grid power, and there are still many issues that
need to be tackled. First, if the grid power is generated using the traditional methods, such
as from the coal-fired power plants, the emission reduction by adopting EVs is not
obvious. Second, the increasing penetration of EVs can bring negative impacts to the local
distribution grid. The high possibility of that the EVs are plugged to get charged at the
same time when EV owners arrive home from work will draw a huge amount of electricity
from the local distribution power system, which can cause various technical issues, such
as voltage regulation, harmonic contamination and frequency variations [78] – [82].
These bring significant challenges to the traditional load growth planning and
management of the power utilities. Uncontrolled and unregulated charging can result in
an unexpected peak load at a specific time, which may exceed the capacity of the
distribution grid. Therefore, the distribution grid needs to be upgraded to increase its
capacity to meet the new demand from EV charging [80]. In addition, the distribution grid
is also facing an increasing penetration of the home photovoltaic (HPV) systems. During
the noon time, when households consume less, the excess energy from the HPV systems
will be injected back to the feeder that can cause voltage rise and line overload [83], [84].
The energy storage units (ESU) are usually deployed to mitigate the impacts of the high
penetration of HPV systems [85], [86]. However, adding an ESU to the HPV systems will
incur extra cost and the HPV owners are not always willing to invest on the ESU unless
it is subsidized by the government or by the utility companies [87].
The idea of using the electric vehicle battery (EVB) as an energy storage system (ESS) to
mitigate the intermittency of PV systems has been proposed in recent years [88] – [90].
The EVBs can act as an energy storage system (ESS), that can be charged from the solar
PV, when there is excess power and inject power to the grid when needed. The EVBs can
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help to limit the voltage rise problem at midday by taking power from the HPV systems
and hence can contribute to the increase of HPV penetration level in the distribution grid
which would otherwise be limited by the high HPV penetration problems. The concept of
utilizing the EVB for supporting the electric grid during peak demands is also becoming
increasingly attractive in recent years. The peak load reduction by using EV battery and
solar PV energy has been proposed in [91], [92]. Authors in [91] proposed the optimal
energy management strategy for using EV batteries at the parking lots to help reduce the
peak load-based demand response programs. The proposed power management algorithm
is to maximize the load factor during the daily operation of the EV parking lot considering
the arrival and the departure times of EVs. Authors in [92] presented an improved
algorithm for the commercial peak load management using EVs, battery systems, and
photovoltaic units. However, the reported research works are focused on the impact of
the charging stations in the office or in the car park and all the authors have dealt with the
system level.
The stored energy in the EVBs can help stabilize the grid feeder during the peak demand
by injecting power to the local feeders [93] – [96]. Fig. 5.1 shows a typical solar charging
infrastructure for electric vehicles that will provide the ancillary service for the grid.

Fig. 5.1. Typical solar charging infrastructure for electric vehicles.

This infrastructure is suitable for charging stations, solar-powered car parking or business
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buildings equipped with solar-powered charging facility. This configuration has been
reported in [96], [97], where the power converters are interfaced with a high voltage dc
bus that is normally 800V. The grid, the EVB and the ESS converters can be designed for
both unidirectional and bidirectional power flow. The ESS and the EVBs are mainly
taking power from the PV arrays. The charging procedure for the EVBs and the ESS is
controlled in such a way that less power will be drawn from the grid. The EVs use the
standard dc connector to connect to the system.
The literature review shows that the recent research focuses on the EVB applications at
the car park or business buildings [93]–[100], and there are only few reported papers that
deal with integrated EVBs and HPV systems that can optimize the energy use in a modern
home, (normally have both HPV system and EVs). In addition, the integration of the EVB
into the PV system with the proposed optimal control strategies has been presented in
literature is at the system level [94] – [99]. Therefore, there is still a research gap at the
component level, where the hardware implementation of the integration of EV battery
into the PV system needs to be considered, especially for the residential PV applications.
To overcome this research gap, a detailed design of a power conditioning system with a
power control strategy for a solar powered EV charging/discharging system that can
support the power grids is proposed. The literature review on the charging connectors
shows that only CHAdeMO connector standard can be utilised for the HPV-EVB systems
without any modifications, as it allows the bidirectional transfer of the dc power directly
from EVB to the power conditioning system (PCS) [101].
This chapter proposes the use of a fast dc charging connector to interface the HPV system
with the EVB. The chapter presents the modes of operation and its control system. In
most developed countries, it is very common to have two cars in a house, and one is
usually used only for short trips to shop. The challenges mentioned previously for the EV
and the solar PV systems can be addressed using the EVBs of the less used cars to support
the residential solar PV. This not only helps to mitigate the PV power fluctuations, but
also reduces the burden on the local power grids. Such a system can become a part of a
micro-grid or a smart grid framework with a flexible control algorithm. The advantages
of the proposed HPV-EVB energy system are:
- The EV battery can be connected to or disconnected from the PV system at any time.
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- The EV battery can be used as an uninterruptible power supply whenever there is a
blackout.
- The use of the EV battery can be maximized.
- The impacts of a high penetration of both residential PV system and EVs can be
mitigated.
- The integrated EV and PV system can provide grid support during the peak demand.
To achieve the above goals, a sophisticated power conditioning system (PCS) should be
developed with a careful consideration of the charging and discharging control signals
taken from the on-board EV battery management system (BMS). The main contributions
of this chapter are:
- A novel HPV-EVB system for the residential PV system using the dc charging
connector standard is proposed.
- A power conditioning system and its control system for the proposed HPV-EVB
system is designed using a programmable platform (LabVIEW).
- A power management strategy to efficiently utilize the EV battery and the PV energy
is proposed.
5.2

System Configuration of Proposed HPV-EVB System

The proposed HPV-EVB system is primarily based on the CHAdeMO standard that
interfaces the PV, the EVB, and the grid connected converter. The selection of the
CHAdeMO standard is made naturally as it can be connected directly to the EVB. Fig.
5.2 shows a typical commercial electric car that is usually equipped with two inlet
charging connectors: the dc inlet connector and the ac inlet connector.
The ac inlet connector is for use in the level 1 and level 2 chargers, which are used in the
home or public charging facilities using the standard distribution ac voltage with low
power up to 20 kW. To control the power delivery to the EVs, an electric vehicle service
equipment (EVSE), which conventionally follows the charging procedure for EVs based
on the J1772 SAE standard is used. The main function of the EVSE is to turn on/off the
ac power from the grid based on the communication signal from the single line pilot wire
in the charging cable.
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Fig. 5.2. Traditional charging facility for electric vehicle.

This signal carries the information of the power status, and the state of charge. The EV
battery is charged using an on-board charger consisting of an ac–dc converter and a dc–
dc converter. The ac inlet connector cannot be used to directly integrate the EVB with the
HPV system since the control of the on-board charger has to be re-designed by the auto
makers. The dc inlet connector is for the fast charging, that applies the dc power directly
to the EV battery. It is possible to use the dc inlet connector to integrate the EV battery
into the HPV system at the level 2 charging power without the need of any changes in the
EVs. This means that with this configuration, the currently available commercial electric
car can be plugged into the dc output of the dc–dc converter of the HPV system at the dc
bus, such that it will be charged or discharged either from the grid or from the HPV power.
Fig. 5.3 shows the power conditioning system (PCS) of the proposed HPV-EVB system,
which comprises three power converters: the PV converter, the EVB converter and the
grid converter. The PV converter is a dc–dc boost converter, the EVB converter is a bidirectional buck/boost converter, and the grid converter is a bi-directional full-bridge
converter. All the power converters can be integrated in a three-output single power
module, which uses five power switches and one power diode. The EVB can be charged
from the HPV power or from the grid via the CHAdeMO connector standard, and the
EVB energy can power the home loads or can be injected into the grid.
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Fig. 5.3. Proposed charging facility; electric vehicle battery- integration with the HPV system.

The brain of the proposed HPV-EVB system is the control board of the PCS, which is
interfaced with the EV BMS via the Controller Area Network (CAN) bus of the
CHAdeMO connector. The proposed energy management system can send and receive
signals from the system operator via Power Line Communications, Wireless Home
(Local) Area Networks using ZigBee with the ZigBee Home Automation Network (HAN)
standard, or Wireless Wide Area Networks. The power control strategy of the HPV-EVB
is designed based on balancing the power from the PV power generation, injected grid
power, the load demand, and the EV charging/discharging power. The PCS control board
receives the EV battery status via the CAN bus, and the PCS control board will generate
a reference charging or discharging current to meet the power balancing of the HPV-EVB
system based on the EV battery’s status. Fig. 5.4 shows the mechanism of the CHAdeMO
connector when interfaced with the EV battery and the power conditioning system of the
HPV-EVB system.
When the EVB is plugged into the dc bus system via the CHAdeMO inlet connector, the
PCS control system will initiate the charging/ discharging process by triggering the relay
‘d1’ and the photo-coupler relay ‘f’ is powered by 12V dc in the PCS control board via
the pin number two of the CHAdeMO connector. Once “f” is on, the charging/ discharging
procedure can be started. The battery management system will send a set of EV battery’s
parameters, such as the maximum voltage/ current and the battery capacity to the PCS
control board via the CAN bus. Once the PCS control board acknowledges the EV
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battery’s information and status, it will send the required maximum output voltage of the
EV battery converter in the PCS and the reference current value, which is generated based
on the power control algorithm of the EV.

Fig. 5.4. Detailed CHAdeMO connector mechanism for integrating the EV battery into residential solar
PV systems.

The EV checks the compatibility with the EV battery charging or discharging
requirements then the relay ‘k’ is triggered and via the pin number 4, relay ‘j’ is turned
on and the PCS control board knows that EV battery is ready for the charging/discharging
procedure. Relay ‘d2’ is closed and via pin number ten, the photo-coupler ‘g’ is triggered.
This causes the charging/ discharging to be started, the PCS control board calculates the
required charging/discharging reference current for the EV battery converter.
The main difference of this charging or discharging procedure from the normal procedure
of the CHAdeMO connector is that the EV battery reference current is determined by the
PCS control board instead of the on-board EV battery management system. The PCS
supplies a dc current that meets the reference value generated by the PCS control board.
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Throughout the whole charging/discharging process, the EV battery management system
continuously monitors the battery condition and the current value being supplied and
sends this information to the PCS control board via the CAN bus for the current or voltage
control loop in the PCS control system. With this control mechanism, the power control
of the HPV-EVB system is obtained.
5.3

Proposed Operation Modes of HPV-EVB System

The efficient energy management strategy of the HPV-EVB system is obtained based on
several different modes of operation. These modes are divided effectively based on the
highest PV power generation and the load demand curves. Fig. 5.5 shows a typical 24-h
energy profile of the HPV power production and a typical home load demand curve.

Fig. 5.5. A typical 24h-home energy profile for the HPV-EVB system.

The curves can be forecasted one day ahead to make the system more efficient. The
highest power production of the HPV system is normally from 9am to 3pm, during this
period of time, the EVB should be scheduled to get charged to the full at the maximum
rate, the household also is powered with the HPV power during this time. The excess
HPV power during this time can be fed into the grid. This power is quite small compared
to all the HPV power injected into grid without the EVs. This naturally solves the issue
of the high excess HPV power injected to the same feeder. During the peak load demand
from 5pm to 8pm, the EVB energy can be used to power the home load and can be injected
to the grid if required following the agreement between the EV owners and the grid
operators. This mode is commonly considered as the vehicle-to-grid (V2G) mode. The
efficient operation modes of the HPV-EVB energy system is shown in Fig. 5.6 and can
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be described as follows:

Fig. 5.6. The efficient power management strategy for the HPV-EVB system.

Mode I: The HPV-EVB operates without the EV plugged in and when there is no load.
This mode demonstrates the conventional operation of a typical residential PV system
that is to inject all PV power into the grid when the home loads consume less power.
Unfortunately, usually this period of time is the peak PV power production while the
house owners are away for work. The whole PV power generation is injected to the grid
as shown in (5.1), 𝜂 is the overall system efficiency, Pg is the injected grid power, Ppv is
the PV power.

Pg =  Ppv

(5.1)

Mode II: The electric vehicle is plugged into the power input of the EVB converter via
the CHAdeMO connector as shown in Fig. 5.2. In this mode, assuming that there is still
no load or light load that demonstrates the period of time when the house owners consume
less energy and the PCS operates to maximize the EV charge, the EV battery is charged
at the maximum charging rate when the PV power generation is higher than the maximum
limited charging power of the EV battery. The EV battery reference power at the kth time
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interval is calculated in (5.2) under conditions of a maximum EV battery state-of-charge
EV ) and a maximum EV battery charging power ( P max ).
( SoCmax
EVB

ref
PEVU
(k ) =

 1
max
EV
EV
−  Ppv (k ) if Ppv (k )  PEVB , SoC (k )  SoCmax

 max
max
EV
if Ppv (k )  PEVB
, SoC EV (k )  SoCmax
 PEVB

EV
if SoC EV (k )  SoCmax
0



(5.2)

Mode III (Peak time): The EVB and the load are both connected. The PV power
generation is gradually reduced as the irradiation from the sun is reduced. The EV battery
is controlled to support the load to achieve the self-consumption target. This will make
the distribution less stress in the peak demand. The difference of the home load and PV
power generation will be compensated by the EVB power. The discharging reference
power of the EVB is shown in (5.3). The home load is powered completely by the EVB
when the PV power generation becomes zero. During this mode, the EVB SoC is
constantly monitored via the CAN bus to make sure that the EVB will not enter the
minimum SoC state.
ref
PEVB
(k ) = PL (k − 1) − Ppv (k − 1),
EV
if SoC EV (k − 1)  SoC min

(5.3)

Mode IV (peak time with V2G): The energy from the EVB is controlled to supply the load
of the home and to inject the required power Pgreq to the grid. In this mode, the PV power
generation is absent and the EVB SoC is still higher than a threshold value that can be set
up by the EV owners without the need of any advanced technical knowledge. The
discharging reference power of the EV battery is shown in (5.4).
ref
PEVB
(k ) = PL (k − 1) + Pgreq (k − 1),
EV
if SoC EV (k − 1)  SoCRe
s

(5.4)

EV is the reserved energy for a desired future trip if needed. This value can be
where SoCRe
s

set by the users and the users can decide when to sell the electricity to the utility company
based on the real-time market price, where the buy/sell electricity price changes in real86

time in the spot market [94]. The required grid power may be sent by the local grid
company to the HPV-EVB system if it is connected to a smart grid platform or it is
decided by the users in case the system is localized. The EV battery reference current at
the kth interval for each operation mode is calculated as below:

I

5.4

ref
EVB

ref
PEVB
(k )
(k ) =
VEVB (k )

(5.5)

Control Strategy of HPV-EVB System

The overall control system for the HPV-EVB system is illustrated in detail in Fig. 5.7.

Fig. 5.7. Detailed control system of the residential PV-EV energy system: (a) PV converter control, (b)
grid connected converter control, and (c, d) EVB converter control.

Each power converter in the PCS has its controllers, the EVB reference current is
generated based on the defined operation modes, which is discussed in section 5.3. All
the controllers are designed to have a good performance with the quick responses and
robustness.
In order to track the maximum power point (MPP) of the PV array, the perturbation and
observation (P&O) algorithm is used to find the reference voltage and a PI controller is
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used to maintain this reference voltage. The output control signal dpv of the MPP tracking
𝑝
𝑖
(MPPT) controller is expressed as in (5.6), where 𝑘𝑝𝑣
and 𝑘𝑝𝑣
are proportional and
𝑟𝑒𝑓

integral parameters of the PV controller, respectively. 𝑉𝑝𝑣 , 𝑉𝑝𝑣 are actual and reference
voltage of the HPV array.
The charging or discharging of the EV battery is regulated by an EV converter deployed
by a bi-directional buck/boost converter shown in Fig. 5.3. This converter has two control
variables: the EV charging/ discharging current and the EV voltage as the whole charging
procedure will experience two phases, namely, the constant current charging (CC) and
the constant voltage charging (CV) modes. The EV charging/ discharging current is
controlled by a PI current controller with the reference input calculated by (5.5). The
𝑝
output control signal dcc of the PI current controller is expressed in (5.7), where 𝑘𝑐𝑐
and
𝑟𝑒𝑓

𝑖
𝑘𝑐𝑐
are proportional and integral parameters, respectively. 𝐼𝐸𝑉𝐵 , 𝐼𝐸𝑉𝐵 are actual and

reference EVB current of the EVB. The EV battery converter is switched to the voltage
control mode when the EV battery reaches its gassing voltage and the converter is
regulated to keep the EV battery voltage constant until the charging process is completed.
𝑝
𝑖
The output control dvc signal of the PI voltage control is given in (5.8), where 𝑘𝑣𝑐
and 𝑘𝑣𝑐
𝑟𝑒𝑓

are proportional and integral parameters, respectively. 𝑉𝐸𝑉𝐵 , 𝑉𝐸𝑉𝐵 are actual and reference
EVB voltage of the EVB.
The grid connected converter is bi-directional because (i) it is regulated to supply the
power to supply the load demand of the home and inject power to the grid or (ii) it is
controlled to take power from the grid to charge the EV battery when the electricity price
is low. The output control signals dvdc and dig of the grid connected converters are
𝑟𝑒𝑓

calculated as (5.9), (5.10) and (5.11), where 𝑉𝑑𝑐 , 𝑉𝑑𝑐
𝑟𝑒𝑓

of the dc-link voltage. 𝐼𝑔 , 𝐼𝑔

are actual and reference voltage

are actual and reference of the grid current.

d pv = (k +

k ipv

)(V pvref − V pv )

(5.6)

d cc = (kccp +

kcci
ref
)( I EVB
− I EVB )
s

(5.7)

d vc = (kvcp +

kvci
ref
)(VEVB
− VEVB )
s

(5.8)

p
pv

s
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p
d vdc = (kvdc
+

dig = (k +
p
ig

i
kvdc
)(Vdcref − Vdc )
s

kigi
s

)( I gref − I g )

I gref = dvdc vPLL

5.5

(5.9)

(5.10)
(5.11)

Simulation Results of HPV-EVB System

To validate the performance of the proposed HPV-EVB system and its control strategy,
a detailed switching model of the entire HPV-EVB system is constructed in
MATLAB/Simulink environment. The irradiance profile is selected to ensure that the
HPV-EVB system experiences all the operation modes. Fig. 5.8(a) shows that the HPVEVB is under a constant irradiance during period (A), with no EV and load.

Fig. 5.8. Simulation results of the HPV-EVB system in four operation modes, (a) Grid power Pg, PV
power Ppv, Load power PL, (b) EV battery power.

All the energy generated by the PV system is injected into the grid. In period (B), the PV
irradiance is increased, the EV is plugged into the PCS and the EV starts charging with
all the energy comes from the PV system from t=1(s) to the t=1.5(s), from the t=1.5(s)
to t=3(s), the PV power generation is higher than the maximum charging power then the
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charging power is limited by its maximum value, which is defined by manufactures. In
this case, the maximum charging power is calculated through the charging current and it
is 23A. It can be observed that a small power is injected to the grid during this period of
time. From t=3(s) to t=5 (s), the PV irradiance is reduced to almost zero at t=5 (s). The
EVB energy is used to compensate the PV power to supply the home load demand. From
t=5(s) to t=6(s), the HPV-EVB is controlling the vehicle for vehicle-to-grid mode as the
EVB energy is used to support to the grid by injecting a constant power as required by
the grid operator. In this case, 1 kW is injected to the grid. Fig. 5.8(b) shows the EV battery
power charging or discharging corresponding to the power balancing of the HPV-EVB
system under the PV irradiance scenarios. The simulation results show that with the
efficient energy management of the EVB power and PV power, the car owners will have
the benefit of minimizing the electricity cost and the distribution grid can handle the
increasing high penetration of PV power generation and high penetration of EVs as well.
It can be seen that, in a future smart grid, where the grid is to be controlled to be smarter,
the proposed energy management will be more effective as the PV power generation and
load demand curves can be forecasted dynamically. This ensures that the EVB power
reference can be produced accurately. Fig. 5.9 shows the grid voltage and current in four
operation modes. Fig. 5.10 shows the state of charge (SoC), current and voltage of the
EVB in four operation modes.

Fig. 5.9. Grid voltage and current of the HPV-EVB system in four operation modes.
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Fig. 5.10. State of charge (SoC), current and voltage of the EVB in four operation modes .

5.6

Experimental Results of HPV-EVB System

As the main target of this project is to achieve a compact PCS module which can be
commercialized using the mass production, the experimental tests of the PCS under
various scenarios should be considered to ensure the reliability of the system’s
performance. This can be done with two phases. In Phase 1, a scaled laboratory prototype
is built to test and debug the performance of the PCS control system as shown in Fig.
5.11.

Fig. 5.11. The detailed experimental setup of the laboratory scale of the HPV-EVB energy system, (a)
HPV-EVB system (b) The prototype of the PCS.
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In Phase 2, a full-scale PCS module will be tested on the Nissan Leaf available at the
University of Wollongong, Australia as shown in Fig. 5.12.

Fig. 5.12. Charging facility for Nissan Leaf at the University of Wollongong.

In this phase, the CHAdeMo connector will be modified to connect the EV battery pack
of a Nissan Leaf (2012) with the designed PCS module and the CAN communication is
tested. The PCS control board extracts the EV battery status in real-time and uses this
data to control the power flows with an appropriate EV charging/ discharging procedure
for the HPV-EVB system. In this chapter, the experimental results of Phase 1 are
presented as the initial step to achieve the final target. Fig. 5.11 shows the test platform,
which comprises an emulated 30 kW from the solar PV TerraSas emulator, a 10 kWh
lead-acid battery, which is considered as the EV battery, where IT is an isolation
transformer, I1, I2 are inductors of the power boost converter and the bi-directional
Buck/Boost converter for the PV and the EV battery, respectively.
The PCS is a compact module with four legs using IGBT SKM50GB 123D from
SEMIKRON. The control system is implemented digitally using a programmable
platform from National Instruments (NI) called GPIC (general purpose inverter)
controller board with the specifications shown in Table 5-I. The PCS is tested under the
worst case of the HPV power generation in which the irradiance and temperature keep
changing rapidly during the short time as shown in Fig. 5.13.
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TABLE 5-I. CONTROL PLATFORM CHARACTERISTIC (GPIC)
Feature
Processor
Memory
FPGA

Network
Communication
Peripherals

Parameter
Speed
Nonvolatile
System
Model
# Slices
# DSP48s
Network
interface
Port
Channel

Value
400MHz
512 MB 256MB
Xilinx
Spartan-6
LX45
6822
58
IEEE
802.3
Ethernet
RS-232, RS485,
CAN, USB
16 AI, 12 bit,

Fig. 5.13. PV irradiance profile in a heavy cloudy day: (a) irradiance profile with temperature changing
and (b) photovoltaic curve.

The maximum power generated by the HPV is 275 W at the MPP voltage of 100 V. To
meet the laboratory safety regulation, only a low power system will be investigated in the
test. The dc-link voltage is maintained at 220 V with the voltage set at 127 V, which is
obtained by stepping down the voltage of the utility grid using an isolation transformer as
shown in Fig. 5.11. The experimental parameters of the prototype HPV-EVB system are
shown in Table 5-II.
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TABLE 5-II. EXPERIMENTAL PARAMETERS OF THE HPV-EVB SYSTEM
Ah capacity
33Ah
Nominal Voltage
12V
No. of batteries in series
9
PV Converter
Lpv=600uH, Cpv=2200uF
EVB converter
LEVB=800uH, CEVB=2200uF
Grid Converter
Lf=12mH, Cf=1uF
Parameters of PI controllers
p
i
k pv = −1, k pv = −0.02, kccp = 0.1, kcci = 6 10−4 , kvcp = −0.4, kvci = −4 10−3
p
i
kvdc
= −0.3, kvdc
= −0.02, kigp = 8, kigi = 0.05

Grid and dc-link voltage
Home load

Vg=127V, 50Hz, Vdc=220V
RH=60Ω, RL=110Ω

Fig. 5.14 presents the performance of the HPV-EVB system in mode I, when the EV is
not plugged in and could be travelling. The home load is powered by the PV power and
grid power. In this mode, the home load will take power from the grid when the PV power
generation is insufficient. The dynamic performance of the power flow from PV to the
home load and grid is presented. It is observed that in the case of a heavy load, the PV
power generation is inadequate, and the load demand is powered by the grid power and
if the PV power generation is excessive, the remaining power will be injected into the
grid.

Fig. 5.14. Experimental results of mode I, EV is not plugged in and is travelling.

In another case, when the load changes to the low load, the PV power generation is in
excess and this excess power will be injected into the grid. Fig. 5.15 shows the dynamic
performance of the HPV-EVB in mode II, where the EV is at home and plugged into the
PCS of the HPV-EVB system.
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Fig. 5.15. Experimental results of mode II with PV power generation.

The charging or the discharging procedure of the EV battery follows (5.2). When the PV
power is not available, the PCS control is automatically switched to mode III, and the
home load is powered by only the EVB energy. The transition is very fast, and the dclink voltage is well maintained. Fig. 5.15 also shows the dynamics of the EV battery
discharging current during the load changing without the PV power generation.
Fig. 5.16 shows the EV charging/discharging in the worst case of PV power fluctuation.
It can be observed that, the EVB converter can respond quickly to the need of charging
and discharging to maintain the reliability of the PCS. In this mode, the EVB is utilised
to supply the home load and help mitigate the power fluctuation of the HPV system.

Fig. 5.16. Experimental results of mode III.
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The HPV output is controlled by the PV converter. Fig. 5.16 shows the situation when
the home load is constant (110 Ω, resistive load), therefore the EVB converter needs to
deal with the HPV power variation. The excess HPV power makes the EVB converter to
charge the EVB. When the HPV power is insufficient, the EVB starts discharging to
compensate for the home load. Fig. 5.17 shows the injected grid current in mode IV with
the EV battery discharging current. The THD of the grid current is 3.1%. Fig. 5.18 shows
the capability of the PCS to charge to EVB from the grid in the case there is no PV power
generation. This situation takes place at midnight when the electricity price is reasonably
low based on the time of use scheme from the grid utility company.

Fig. 5.17. Experimental results of mode IV without PV power generation.

Fig. 5.18. Experimental results of the EVB charging current without PV power generation.

5.7

Summary

In this chapter, a novel HPV-EVB technology for the integration of the residential HPV
and EV has been proposed. The energy management system successfully controls the
power balance between the HPV source, EVB energy, the home load, and the grid
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demand. This will help to mitigate the intermittency and uncertainty effects of the HPV
and to provide a reliable power output. It is envisaged that the proposed system with its
control algorithm will have a great potential for the future smart grid and EV applications.
In this chapter, it is considered that the home has two cars, and one is rarely used except
for a short travel, which is quite common in most developed countries. For future work,
the authors will investigate the proposed algorithm under a more complex network and
during grid faults.
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Chapter 6. An On-Board V2X Electric Vehicle Charger
Based on Amorphous Alloy High-Frequency Magnetic-Link
and SiC Power Devices
6.1

Introduction

Electric vehicles (EV) are becoming popular as a means of transportation as many
countries have set a sophisticated goal for attaining the zero-carbon emission
transportation infrastructure in near future [102]. It is clearly seen that EVs are becoming
far more accepted by car owners and on the way forward to become a dominant
transportation means. As the EV battery (EVB) has a huge power ranging from 30 kW to
more than hundred kW, it can play an important role as a clean energy source in the
modern energy infrastructure with a density integration of mixed energy resources. The
concept of vehicle-to-X (V2X), where X can be home loads, or grid has been proposed to
take advantages of the EVB [103]. In this field of research area, the on-board EV charger
plays a key role, and researchers have been putting their effort to propose novel topologies
and control algorithms to make it smarter, more efficient with higher power density.
However, in the last decade, the intensive research on the V2X concept has been mainly
focused on the development of the fast dc chargers (Level 3) that are normally used in the
charging stations rather than in the homes [103]. There are several automakers that have
proposed the V2G infrastructure for the home charger, however, the EV owner has to buy
a converter that interfaces the EV battery with the grid [104].
Most on-board chargers equipped in the EVs currently are only designed to have the
capability of unidirectional power flow. A bidirectional power flow can be obtained by
using various bidirectional power topologies for the dc–dc power converter that controls
the charging/ discharging of the EVB. Authors in [105] have presented the design of an
on-board charger with the V2G reactive power operation. The topology is comprised of
an H-bridge boost converter and a bidirectional buck/boost converter. Although the
topology is simple for implementation, it fails to achieve the galvanic isolation. In [106],
the design procedure of a bidirectional EV charger with modular integrated cell balancing
circuit was proposed, the topology is similar to that of [105], with the addition of a charge
equalization circuit. To solve the galvanic isolation issue, a high-frequency dc–dc
converter with a high-frequency transformer as a link such as dual active bridge (DAB)
converter was proposed for an on-board bidirectional EV charger [107] – [ 115]. In [107],
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an electrolytic capacitor-less topology is proposed for the EV charger with the V2G and
V2H functionalities. However, a high-frequency semi sinusoidal voltage at the dc-link
will result in high spikes on the full bridge inverter switches. This reduces the overall
system efficiency.
The development of the next generation of power high-frequency switching devices, such
as silicon carbide (SiC) metal oxide semiconductor field-effect transistor (SiCMOSFET), which has a wide bandgap, will provide a better performance especially in
high-frequency, high temperature, and high voltage applications, for example EV charger
circuit. They will help significantly to reduce the volume of the high power conversion
stages with a better performance in heating reduction, smaller packaging, less conducting
losses and higher power density of the power converter, and hence significantly increase
the viability of the EV charger [116] – [118]. Along with the advancement of
semiconductor devices, new magnetic materials with low specific core loss and high
saturation induction, e.g. amorphous and nanocrystalline alloys have been commercially
developed. The advanced magnetic material and Litz wire based high-power density highfrequency magnetic-link could be used to design a compact, lightweight and efficient
charger for EVs. In addition, the amorphous and nanocrystalline alloy based high
frequency magnetic-link (HFML) helps to reduce the noise for the EV charger under its
operation [119], [120].
In order to take the aforementioned advantages of the semi-conductor technology and
magnetic material, this chapter has proposed a holistic design of an on-board V2X electric
vehicle charger (OB-V2X-EVC) using the SiC-MOSFET as the power switching device
and the amorphous ribbon 2605S3A based core for the HFML. The proposed OB-V2XEVC is shown in Fig. 6.1. The remarkable features of the proposed OB-V2X-EVC are as
follows: 1) it is capable for active power control in V2G mode; 2) it is capable for the
sinusoidal output voltage control in V2H mode; 3) it has a cell balancing feature that
allows for charge equalization of all cells; and 4) it has high efficiency with PFC
operartion.
6.2

Configuration of the On-board V2X Electric Vehicle Charger

The configuration of the OB-V2X-EVC is shown in Fig. 6.1 featuring the use of the SiCMOSFETs (C2M0080120D) as the power switching devices and the Metglas amorphous
based HFML as a power transferring and galvanic isolation component.
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Fig. 6.1. The OB-V2X-EVC configuration.

6.2.1

Grid Converter of the On-board V2X Electric Vehicle Charger

The grid converter (GC) is a fully bidirectional controlled H-bridge converter. This
converter interacts with the grid via an inductor-capacitor-inductor (LCL) filter to transfer
the power in both directions from grid to EVB and vice versa [121] – [123]. The output
of the GC is connected to a dc-link, which is the input of the DAB converter. The dc-link
voltage plays a vital role in the control system. The variation of the dc-link voltage is
used as the signals for the control loops of the grid current and the battery current control.
6.2.2

DAB Converter of the On-board V2X Electric Vehicle Charger

The DAB converter comprises two H-bridges that are linked via the HFML. The HFML
is emulated by an inductor, Lk and an ideal transformer as shown in Fig. 6.1. The inductor
is considered as the leakage inductance of the HFML. The DAB converter is controlled
to charge and discharge to the EVB.
6.2.3

EV Battery of the On-board V2X Electric Vehicle Charger

Lithium ion (Li-ion) batteries are used by many electric car automakers as they have highpower density, high security, and long-life charging/discharging cycle. A 40 Ah, 26.8 V
Lithium iron phosphate (LiFePO4) battery was used in this research work. To avoid an
unbalanced state over long-term charge and discharge, a cell balancing module is applied
to the pack as shown in Fig. 6.1. The passive balancing method is used in the proposed
OB-V2X-EVC due to its simplicity, reliability and low-cost. A shunt resistor and a
MOSFET are deployed as a cell overcharge protection to absorb the excess charge current
from overcharge cells until the cell voltage threshold is reached.
6.3

Magnetic Material Based High-Frequency Magnetic-Link

Because amorphous alloy has outstanding magnetic properties such as high maximum
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flux density and low specific core loss, amorphous alloy has been used to make the
distribution transformers made that can reduce significantly core losses of the transformer
and improves the efficiency of the distribution networks. It is reported that, a distribution
transformer made with amorphous core may save 70–80% of the no-load losses and up
to 50% of the total power losses compared with those of the traditional one [119].
Amorphous soft magnetic materials have also received interest for use in the design of
electrical motors [120].
In recent years, amorphous and nano-crystalline materials have become promising core
materials for the development of efficient, compact, and lightweight high-frequency
transformers or magnetic-links.
The Metglas alloys, 2605SA1 and 2605S3A, are available as the commercial amorphous
material, which is produced by Hitachi Metals. The characteristics of these materials are
presented in Table 6-I where ST is the saturation flux density.
TABLE 6-I
CHARACTERISTICS OF AMORPHOUS MAGNETIC MATERIAL
Core loss
Electrical Density
Amorphous ST (W/kg)
resistance (g/cm3)
(µΩm)
0.3T
0.2T
10kHz 100kHz
2605SA1
1.56 20
600
1.30
7.18
2605S3A
1.41 7
100
1.38
7.29
2705M
0.77 7
100
1.36
7.8
2714A
0.57 3
60
1.42
7.59
2826MB
0.88 30
700
1.38
7.90

In this chapter, amorphous material is chosen to develop the high-frequency magneticlink. Amorphous alloy 2605S3A (ribbon of 20 µm thick and 25 mm wide) was collected
from Metglas, USA. By wrapping Metglas 20 µm thick ribbon, a prototype test core is
developed in the laboratory. To minimize the proximity and skin effects Litz wires are
used as the winding wires in a single layer evenly distributed structure, which also
effectively helps to keep the ac resistance lower. Equal numbers of turns are used for both
port windings. For this, the number of turns, N can be calculated as (6.1).

N=

Vrms
4 fABmax
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(6.1)

where Vrms is the excitation voltage, f the frequency of the excitation, A is the crosssectional area of the amorphous core, and Bmax is the maximum flux density. Litz wire is
prepared in the laboratory from the available thin insulated transformer wires. Fig. 6.2
shows the amorphous core and the high-frequency magnetic-link developed in the
laboratory.
(a)

(b)

Fig. 6.2. Developed: (a) amorphous alloy 2605S3A core and (b) high-frequency magnetic-link.

Manufactures develop amorphous ribbon with a very rapid solidification of molten alloy
metal. The solidification process and alloy composition affect the characteristics of the
amorphous ribbons. Moreover, the waveform of the excitation signals makes significant
change in the core loss characteristics of the magnetic materials. Unfortunately,
manufacturers provide core loss data for only sinusoidal excitations. Although, these data
can be used in designing line frequency distribution transformers and electrical motors,
but they are not useful for the development of high-frequency transformers or magneticlinks as the high-frequency transformer usually operates with non-sinusoidal waveforms.
In this chapter, the developed magnetic-link is tested under a squire-wave excitation. Fig.
6.3 shows the measured core loss of amorphous alloy 2605S3A under different excitation

Core loss (W/kg)

frequencies.
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Fig. 6.3. Measured core loss of Metglas 2605S3A under different frequency square-wave excitations.
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Fig. 6.4 shows the measured core loss Metglas 2605S3A under different level squarewave excitations.
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Fig. 6.4. Measured core loss of Metglas 2605S3A under different level square-wave excitations.

6.4

Control Strategy of the On-board V2X Electric Vehicle Charger

The control design of the proposed OB-V2X-EVC is divided into two parts: (i) the control
of the GC converter and (ii) the control of the DAB converter. The former is to maintain
the input voltage of the DAB converter Vdc at the constant value and to act as a PFC for
the grid current. The latter is to control the charging/ discharging rate for the EVB. This
section presents the proposed strategy control for the proposed OB-V2X-EVC that is
based on the cascaded control theory. The small-signal transfer functions are derived to
design the control loops.
6.4.1

Control of the Grid Connected (GC) Converter

The GC converter has two control schemes that are to achieve the sinusoidal grid current
in the charging and discharging mode of the EVB and the sinusoidal voltage in the
standalone mode (V2H). The controllers are designed using proportional integration (PI)
controllers with a cascaded two loop control. Fig. 6.5(a) shows the control of the GC
converter in the grid connected mode, where the grid current is controlled through the dclink voltage Vdc in order to produce a sinusoidal shape both when drawing or injecting
power from/ to the grid. The charging/ discharging power from the EVB will result a
change in the dc-link voltage providing the signal for the GC converter to draw or inject
power to the grid. These are considered as both grid-to-vehicle (G2V) and V2G modes.
Fig. 6.5(b) presents the control of the GC converter in the V2H mode (stand-alone), and
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the output voltage of the GC converter is controlled to be sinusoidal with an RMS and
frequency values accordance with the grid standard. In this case the dc-link voltage is
controlled by the DAB control.

Fig. 6.5. The control system of the GC converter: (a) grid connected mode (G2V, V2G), (b) standalone mode (V2H).

To design the controllers, the transfer functions of the GC converters should be
considered. In the G2V and V2G mode, the transfer function from the grid current to the
control variable d, Gig,d(s), the transfer function from the dc-link voltage to the grid
current Gvdc,ig(s), and the transfer function from the grid voltage to the control variable
Gvg,d(s), are expressed as follows:

Gig , d ( s) =

ig ( s)
d (s)

=

Vdc

 Lf 1Lf 2

s( L f 1 + L f 2 ) 1 + s 2 
Cf
L +L
f
1
f
2




3
vdc ( s) L f 1 L f 2C f s + s ( L f 1 + L f 2 )
Gvdc ,ig ( s) =
=
ig ( s)
2D − 1

Gvinv ,iinv ( s) =
Gvg , d ( s) =

vinv ( s)
= sL f 1
iinv ( s)

vg ( s )
d ( s)

=



 



(6.2)

(6.3)

(6.4)

sVdc L f 1

L f 1 L f 2C f s3 + s ( L f 1 + L f 2 )
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(6.5)

The PI controller parameters are shown in (6.6), (6.7), and (6.8).

Cig = K P −ig +

K I −ig

Cvdc = K P − vdc +

Cvg = K P − vg +

(6.6)

s
K I − vdc
s

(6.7)

K I − vg
s

(6.8)

The transfer functions of the current closed loop Tig(s) and voltage closed loop Tvdc(s),
Tvg(s) are expressed as (6.9), (6.10), and (6.11), respectively.

Tig =

Tvdc =

Cig ( s) Fm Gig , d ( s)
Cig ( s) Fm Gig , d ( s) H ig ( s) + 1

(6.9)

CVdc ( s )Tig ( s )GVdc ,ig ( s )
CVdc ( s )Tig ( s )GVdc ,ig ( s ) HVdc ( s ) + 1

Tvg =

(6.10)

Cvg ( s) Fm Gvg , d ( s)
Cvg ( s) Fm Gvg , d ( s) H vg ( s) + 1

(6.11)

where Fm(s) is the transfer function of the pulse width modulation (PWM) block, Hig(s),
HVdc(s), Hvg(s), are the transfer function of the feedback signals of the grid current, dclink voltage, and grid voltage respectively.
The parameters of the GC converter and its controllers are shown in Table 6-II.
TABLE 6-II. PARAMETERS OF THE GRID CONNECTED CONVERTER
Components

Values

Grid filter
Grid parameters
dc-link voltage
Cig(s)

Lf1 = Lf2 =1mH, Cf =1µF
Vg-RMS=25V, 50Hz
40V
KP-ig=2.124, KI-ig=1.2 × 104

Cvdc(s)

KP-Vdc=3.7× 10−3 , KI-Vdc=35.85

Cvg(s)

KP-vg=0, KI-vg=0.222

The Bode plots of the controllers and closed loops Tig(s), Tvdc(s), and Tvg(s) are shown in
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Fig. 6.6 and Fig. 6.7 respectively. The phase margin and crossover frequency of Tig(s),
Tvdc(s) are 82o, 63.6o, 6.83 kHz, and 5.3 kHz, respectively.

Fig. 6.6. Bode plots of the control system of the GC converter in the grid connected mode (Fig. 6.5
(a)).

Fig. 6.7. Bode plots of the control system of the GC converter in the standalone mode (Fig. 6.5
(b)).

6.4.2

DAB Converter Control of the On-board V2X Electric Vehicle Charger

As shown in Fig. 6.8(a), the RMS value of the primary current Ipri is controlled in the
inner loop to improve the dynamic response of the primary current and to limit its
amplitude not to overshoot if any mode changing happens. The outer loop is the EVB
current loop, the EVB reference current for this loop is generated from the outer EVB
voltage loop in CV mode or is set individually in CC mode. This can be achieved by a
trigger logic that results from the EVB voltage and SoC. The trigger logic is a “1” if the
EVB voltage and SoC are in the operating range and the EVB can be charged or
discharged for the G2V or V2G at any time. In the charging mode (G2V) if the EVB
voltage and SoC reach the threshold and maximum, the trigger logic is “0” and the CV
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mode control is activated, the EVB voltage is controlled to the threshold value, the
reference current of the EVB current is generated by the EVB voltage outer loop instead
of by setting.

Fig. 6.8. The proposed control system for the DAB converter (a) Three- cascaded control loop for CV/CC
charging/ discharging in the grid connected mode, (b) Two-cascaded control loop for input voltage
control of the DAB converter in the V2H mode (stand-alone).

Fig. 6.8 (b) shows the control scheme for the regulation of the input voltage or dc-link
voltage of the DAB converter. This control scheme is applied when the OB-V2G-EVC is
operated in the V2H or stand-alone mode. The inner loop is the primary current control;
the outer loop is the voltage control.
To achieve the control requirements, the closed loop of each control scheme is analysed,
and the transfer functions are derived. The voltage across the leakage inductance, vLk(t)
of the HFML can be defined as (6.12).

vLk (t ) = v pri (t ) − vsec (t )

(6.12)

where vpri(t) is the primary voltage and vsec(t) the secondary voltage of the HFML. The
leakage inductance current of the magnetic link can be expressed as (6.13).
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t

1 0
i pri (t ) = iLk (t ) = iLk (t0 ) +  vLk (t )dt
Lk t1

(6.13)

From (6.14) and (6.15), the current of the leakage inductance can be controlled by shifting
the phase angle between the voltages of primary and secondary windings, and then the
power of the DAB can be calculated by (6.14) with the assumption that all losses are
caused by high-frequency switching, copper in the HFML, and the parasitic of the passive
components [110] – [115].

PDAB =

nVDAB,inVB ( −  )
2 2 f s Lk

(6.14)

where n is the winding ratio, Vin and VB are dc voltages of the input DAB and the EV
battery, respectively, γ is the phase shift. It is clear that the power of the DAB converter
can be controlled by controlling the phase shift. With the assumption that there is zero
power loss, the dc currents of the input DAB and EV battery can be calculated using
(6.15), (6.16).

I DAB ,in =

IB =

PDAB ,in
VDAB ,in

=

nVB  ( −  )
2 2 f s Lk

PB nVDAB,in ( −  )
=
VB
2 2 f s Lk

(6.15)

(6.16)

where Gipri,γ(s) is the transfer function from primary current to the phase shift, GiB,ipri(s)
is the transfer function from EVB current to the primary current, GvB,iB(s) is the transfer
function from EVB voltage to EVB current.
6.5

Experimental Results of the On-board V2X Electric Vehicle Charger

The performance of the proposed OB-V2X-EVC and its control schemes have been
verified using an experimental prototype shown in Fig. 6.9.
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Fig. 6.9. The laboratory prototype of the OB-V2X-EVC (1) grid transformer, grid filter, and resistive
load, (2) NI SbRIO 9606 and general purpose inverter controller (GPIC) RIO Mezzanine card NI 9683,
(3) SiC-MOSFETs based-DAB converter, (4) LiFePO4 cell balancer, (5) 24V-LiFePO4 pack, (6) Sensing
and signal buffering board, (7) SiC-MOSFETs based-grid connected converter, (8) LiFePO4 charging
balancing monitoring board.

The proposed OB-V2X-EVC is divided into six parts with the individual printed circuit
boards (PCBs). The details of the proposed OB-V2X-EVC are explained as follows: The
part identified as (1) shows the grid step-up transformer, the grid filter, and a 25Ω resistive
home load. The part identified as (2) shows the NI SbRIO 9606 and RIO Mezzanine card
NI 9683, referred to as the general-purpose inverter controller (GPIC) from the National
Instrument [121]. The part identified as (3) shows the SiC-MOSFETs based DAB
converter with the four modular haft bridge converters using two 80 mΩ, 1200 V CREE
MOSFETs (C2M0080120D), where the driver circuit is implemented using a single
channel ACPL-W346 from Broadcom. The HFML is designed based on the analysis
presented in section III, and the design parameters are shown in Table 6-II. The part
identified as (4) shows the cell balancing circuit. The part identified as (5) shows the 24VLiFePO4 battery pack. The part identified as (6) is the sensing and signal buffering board.
The parts identified as (7) and (8) are the grid connected converter and EVB charging
balancing monitoring board.
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TABLE 6-III. EXPERIMENTAL PARAMETERS OF THE ON-BOARD V2X ELECTRIC
VEHICLE CHARGER
Components

Values

Grid filter
Grid parameters
dc-link voltage
HFML turns
fs
Cig(s)
Cvdc(s)
Cvg(s)

Lf1 = Lf2 =1mH, Cf =1µF
Vg=25V, 50Hz
40V
45:45
15kHz
KP-ig=2.124, KI-ig=1.2 × 104
KP-Vdc=4 × 10−3 , KI-Vdc=35.85
KP-vg=0, KI-vg=0.222

To verify the dynamic response of the proposed TCCL, the sudden change between the
charging and discharging modes is conducted. Fig. 6.10(a) shows the steady state
charging current, the primary winding current, the primary winding voltage, secondary
winding voltage and the phase shift between them. Fig. 6.10(b) shows the steady state
discharging current, the primary current, the primary voltage and the secondary voltage.
Figs. 6.11(a), and (b) show the dynamic performance of the EVB current and the primary
current when changing from charging to discharging mode, and similarly from
discharging to charging mode, respectively.
The results show that due to the TCCL, the primary current does not show any overshoots
during the transient, the phase shift between the primary and the secondary voltage
smoothly changes from leading to lagging and vice versa.

Fig. 6.10. The experimental results of the steady state of charging/ discharging EVB: (a) the
charging current (G2V) with the primary current, primary and secondary voltage and (b) the
discharging current (V2G) with the primary current, primary and secondary voltage.
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Fig. 6.11. The experimental results of the dynamic changing of charging/ discharging EVB: (a)
from the charging mode to the discharging mode and (b) from the discharging to the charging mode.

Fig. 6.12 (a) shows the performance of the PFC functionality.

Fig. 6.12. The dynamic transition of the On-board V2X Electric Vehicle Charger, (a) between G2V and
V2G modes, and (b) the V2H application.

Fig. 6.12 shows that in both cases, G2V and V2G the PFC is achieved at the grid side, the
grid current in phase with the grid voltage (PFC=1) in the V2G mode, power is injected
to the grid. The grid current is 180o out of the phase with the grid voltage (PFC=-1) in the
G2V mode, it implies that the power is drawn from the grid. Fig. 6.12 (b) shows the
dynamic performance of the system under the V2H mode test. It shows the transient and
steady state of the output voltage and current of the OB-V2X-EVC when it is changed
from grid connected mode to stand-alone mode (V2H).
6.6

Summary

A design of the proposed OB-V2X-EVC using SiC-MOSFETs and amorphous high
frequency link has been presented in this chapter. The completed design of the OB-V2X111

EVC is considerred. The control system with the proposed TCCL to control the charging
and discharging of the EVB has been fully tested. Experimental results showed that
during the transient from the charging mode to discharging mode and vice versa the
primary current is regulated to work at the limiting values. In addition, the PFC is
achieved through the control of the grid current. The dc-link voltage is well maintained
based on the power balancing between EVB and the grid. The preliminary results show
that the proposed design of the OB-V2X-EVC can be feasible for the future development
of the EVs.
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Chapter 7. A Novel Universal Magnetic Power Plug to
Facilitate V2V/V2G/G2V/V2H Connectivity for Future Grid
Infrastructure
7.1

Introduction

The concept of smart grid has been proposed in recent years as the way forward for future
energy infrastructure that will allow connections of new distributed energy resources,
such as renewable energy systems, energy storage and electric vehicles (EV) to make the
future energy system more sustainable. The EV batteries (EVBs) can be considered as
mobile distributed resources that are connected to the grid whenever the EVs are charged.
The EVB can therefore act as energy storage systems that can help to balance the
generation and load and improve the power fluctuation in the grid. However, the
deployment of EV in a smart grid still faces many issues that require early preparation
prior to the high penetration of EVs. Research needs to be carried out on the three areas
of the EV: (i) battery technology, (ii) charging system technology, and (iii) charging
connector standards. The development of all these parts will make the EV much more
beneficial in the smart grid [122].
The immense benefit of the EV infrastructure is the possibility of having zero emission
transport systems. Automakers are putting significant effort to expand the driving range
of the EV batteries and building more and more charging infrastructures. Recent
technologies make EVs more energy-efficient and having a longer range, however, more
research needs to be carried out to ensure that current grid infrastructure can be ready for
the anticipated mass adoption of EVs. More energy will be required as more EVs are
introduced to the grids, which can appear as intermittent loads, as the EVs are charged
whenever they are parked, which can cause issues to the power grid. Human nature
suggests that people will go home in the evening and start charging their vehicle that can
lead to the charging of many EVs at the same time leading to a huge amount of electricity
to be drawn from the distribution grid. This can cause a serious technical challenge to the
power distribution utilities, besides other problems, such as voltage and frequency
variations [123] – [127]. Therefore, the distribution grid may need to be upgraded to meet
this challenge, especially when there is an increased evening load due to a high
penetration of EVs [125]. In order to cope with the potential increase of EV penetration,
the EVB should be considered as an active distributed resource that can be charged or
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discharged in a controlled manner intelligently and efficiently.
Another issue that needs to consider is the possibility of having the EV connected to
several entities, which is referred to the concept of vehicle-to-X (V2X), where X can be
different entity that can link to an EV. Currently, X is considered as the grid (V2G), home
loads in the form of vehicle-to home (V2H) or another EV (V2V) [127]. For V2G, the
power is bidirectional, such that the batteries can discharge their power from the EV to
the grid and the batteries can be charged from the grid. A charging station with the V2G
capability is a promising charging system that is currently being investigated by utilities
and EV manufacturers. The V2G can allow EV owners to sell the EVB energy to the
utilities, when the price is high, and to buy the energy from the grid to charge the EVB,
when the price is low, while ensuring that there is sufficient energy to drive the vehicle
to meet the driver’s need. In this way, the EVB can work as an energy buffer in the modern
grid to help stabilize the grid as the load is changing. As the EVB has a huge capacity
ranging from 40 kW to over 100 kW, then the EVB can store surplus energy from the grid
or from the renewable energy systems. This will help mitigate the power fluctuations
caused by the intermittency of the renewable resources.
While the current research on the V2X concept is mainly focused on the development of
the V2G, there is a lack of research on the vehicle-to-vehicle (V2V) technology [128] –
[131]. The vehicle-to-vehicle (V2V) configuration can provide the flexibility and
efficiency of the EV charging for the EV owners. EV owners can trade their stored energy
independently among themselves. However, the power connector in the V2G mode may
not be compatible for its usage in V2V mode.
It is therefore important to carry out research to develop converters that can be used in all
EV operation modes to apply the V2X concept. This means EV can get charged
conveniently at all occasions. However, the implementation of the V2V is a challenging
issue, as the current technology and standards are not ready yet. Fig. 7.1 shows an
example of a practical realization of the V2V by Andromeda Power [132], [133], where
the direct V2V charging process was reported.
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Fig. 7.1. Courtesy of the direct V2V configuration of a Nissan Leaf and a Tesla Model [132], [133].

Authors in [134] presents the different connections for power transferring for the vehicleto-vehicle (V2V) configuration as shown in Fig. 7.2.

(a) V2V power transfer including the distribution grid.

(b) V2V power transfer through an on-board charger.

(c) V2V power transfer using dc connector.

(d) V2V power transfer using an external dc-dc converter
Fig. 7.2. Possibilities of V2V configurations [131].

115

The V2V operation using the common plug at the charging station as shown in Fig. 7.2(a),
has been well investigated in literature [135]. The direct V2V power transfer
configuration is shown in Fig.7.2(b), where the power from one EV to other EV is
transformed through four conversion states, dc-ac-ac-dc as each on-board EV battery
charger is comprised of two power stages. As the power grid is absent, both EVs are
connected directly to each other. The advantage of these configurations is that they do not
need any hardware upgrade of both EVs and charging stations but only software changes
are needed to control the charge between EVs. The EV can be charged from home or
from the charging station as normal. However, the overall efficiency is low because of
the need of four power converters. Fig. 7.2(c) shows the V2V configuration based on the
dc on-board charger, and Fig. 7.2(d) shows the V2V configuration based on an external
V2V charger [136]. However, the configuration in [136] is operated only with V2V mode
while ignoring other operation modes.
This chapter proposes a design and implementation of an advanced universal power
connector (UPC) and the charging converter for the V2X applications, that can support
all possible operations or modes of power transfer from the EVBs including V2V, V2G,
and G2V using the proposed new magnetic power plug. The power transfer in the
proposed power plug is achieved through a magnetic link formed by the two magnetic
parts (in each EV). This will not only ensure that a higher efficiency can be achieved, but
it also guarantees galvanic isolation.
A reduced scale prototype UPC-based charger circuit has been implemented and validated
in the laboratory. The chapter is organized as follows: The details of the proposed V2X
configuration are presented in Section 7.2. Section 7.3 presents the design of the highfrequency magnetic-link (HFML) for the UPC. The power converter and its control
system are presented in section 7.4. Section 7.5 presents the hardware design and the
experimental test of the proposed V2X configuration. Finally, the conclusions are drawn
in Section 7.6.
7.2

The Proposed Universal Power Connector Charger

The EV has its own on-board charger and charging socket that can accept both ac and dc
charging. This socket is designed based on the charging connector standards, such as SAE
J1772, SAE Combo or CHAdeMO [137] – [141]. These standards do not cover the V2V
implementation. The traditional charging configuration is shown in Fig. 7.3.
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Fig. 7.3. The traditional EV charging system.

The proposed universal power connector (UPC) and the possible EV charging
configuration are shown in Fig. 7.4.

(a) Proposed V2G/G2V configuration for fast charging.

(b) Proposed V2G and G2V charging configuration for home charging system.

(c) Proposed V2V configuration.
Fig. 7.4.The proposed EV charging system using the proposed universal power connector (UPC).

The proposed connector has one half of a toroidal core, and the other half of the toroidal
core is in the plug receptacle in another EV or the connector of the charging station. Each
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UPC is connected to a dc-ac converter on each side in the form of a Dual Active Bridge
(DAB) as shown in Fig. 7.4. Fig. 7.4(a) shows the proposed V2G/G2V configuration for
the fast charging facility, Fig. 7.4(b) is for the home charging system and Fig. 7.4(c) for
the V2V connection, where only the DAB is formed between two EVs. The grid
connected (GC) converter is a dc-ac converter. Both DAB and GC converters are
bidirectional, thus power can flow from the EVB to the grid and vice versa. In the case of
the grid absence, the V2G configuration can be transformed to the V2H configuration,
and the EVB can supply the energy of the local load.
Fig. 7.5 shows the design possibilities of the UPC for EV. Fig. 7.5(a) shows the prototype
of the UPC that will be attached with an adjustable arm (AA) or power cable (PC). This
charging connector can be put inside the EV.

Fig. 7.5. (a) Proposed universal power connector (UPC), (b) charging from EV to EV using UPC with
adjustable arm (AA) front socket and (c) using power cable (PC), (d) UPC with adjustable arm (AA) side
socket, (e) charging from charging station (CS) to EV using UPC with AA, (f) UPC with PC front socket
or side socket.

7.3

Design of the Universal Power Converter

In this chapter, the proposed UPC will be designed based on the high frequency magnetic
link (HFML), the core of which is made with the amorphous ribbon, named 2605S3 from
Metglas, USA. The ribbon is 20 µm thick and 25 mm wide. The prototype test core is
wrapped with 20 µm thick ribbon. To make it as a high efficiency HFML, Litz wires are
used as the winding wires. This will lower the ac resistance and minimize the skin effects.
It has a high maximum flux density and low core loss. This material is ideal for use in
118

designing distribution transformers or electrical motors [142], [143]. Authors in [142]
showed that, a distribution transformer can save 70-80% of the no-load losses and up to
50% of the total power losses compared with the traditional one. This outstanding benefit
makes the amorphous materials as promising core materials for designing high frequency
transformers.
In this research, the number of turns is equal for both secondary and primary. The number
of turns, N can be calculated as (7.1).

N=

Vrms
4 fABmax

(7.1)

where Vrms is the excitation voltage, f the frequency of the excitation, A is the crosssectional area of the amorphous core, and Bmax is the maximum flux density.
7.4

Control for Different Modes of Operations

As explained in Section 7.3, the proposed system is unique, as the power stage is divided
into two parts, each connected to the UPC. Due to this, the control system and
charging/discharging procedures should be designed with care.
7.4.1

Control of EV Charging Station

Fig. 7.6 shows the power stage and control system of the EV charging station. Fig. 7.6
shows that, in the EV charger connected directly to the EVB, there are four power
switches making a full bridge. In the charging station, there are eight power switches
making two full bridges. One bridge serves as the GC converter, and another full bridge
of the station will combine with the full bridge at the EV charger making a complete DAB
converter. The control of the DAB will be fully implemented in the EV charger. There
are two phase shift generators (PSGs) separately located at the EV charger and at the
charging station. The two PSGs will be synchronized through the Controller Area
Network (CAN) bus to produce the pulse width modulation (PWM) signals for the DAB
converter. The reason to have two PSGs is that the power switches of the DAB converter
is on both EV and charging station. The control of the GC converter is at the charging
station only. The electric vehicle supply equipment (EVSE) collects the grid information,
and the battery management system (BMS) collects the EVB information. The two blocks
exchange the information via the CAN bus to decide the appropriate mode for the
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charging/ discharging process.

Fig. 7.6. Control system for the EV Charging station for adapting the proposed UPC.

The control algorithm of the EV and charging station is shown in Fig. 7.7.

Fig. 7.7. The algorithm of the EV-CS control system.
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EV
If the current state of charge (SoC) of the EVB is less than SoCmin
, which is a predefined

value of charge needed for emergency, the EV will enter the grid-to-vehicle (G2V) mode.
In this mode, the EVB is charged with the constant current (CC) and constant voltage
(CV). At the beginning of the charge, the CC mode is chosen, and switch K2 is closed.
During the CC mode, the EVB current IB is controlled by a two-loop control to maintain

I Bref . The phase shift, 

the predefined EVB reference current

I pri = K ( I
IB
p

ref

 =K
I

Where K pB ,

I

I
KiI B , K ppri , Ki

ref
B

is calculated as below.

KiI B ref
− IB ) +
(I B − I B )
s

(7.2)

I

I pri
p

pri

(I

ref
pri

Ki pri ref
− I pri ) +
( I pri − I pri )
s

(7.3)

are the parameters of the current controllers CI B ( s) ,

C pri (s) , respectively. I pri is the average value of the primary current of the UPC.
In the CC mode, the EVB voltage keeps increasing until it reaches the threshold voltage
defined by the EV battery manufacture, where the EVB control is switched to the CV
mode, switch K2 is still closed, K1 is now closed, and the CV mode is activated to maintain
the EVB voltage at the constant value until the EVB gets full charged. The EVB voltage
is controlled by the three-loop control. The outer loop is the EVB voltage loop that
produces the EVB reference current as shown in (7.4).

I

ref
B

= K (V
VB
p

ref
B

KiVB ref
− VB ) +
(VB − VB )
s

(7.4)

Meanwhile, the GC converter acts as the controlled rectifier that will control the grid
current with the unity power factor. The grid current is controlled via the two-loop dclink voltage Vdc as shown in (7.5) – (7.7).
V
I gG−2RMS
= K pdc (Vdcref − Vdc ) +

Kidc ref
(Vdc − Vdc )
s

V
igref = 2 I gG−2RMS
sin(t )
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(7.5)

(7.6)

d g = K (i
g
p

ref
g

Kig ref
− ig ) +
(ig − ig )
s

(7.7)

where d g is the modulation index of the PWM block, CVdc ( s) and Cig ( s ) are the voltage
controllers of the dc-link voltage Vdc and grid current, respectively.
EV
If the current SoC of the EVB is greater than SoCmin
, the EV will enter the V2G or V2H

mode defending on the status of the charging station. These modes can be considered as
waiting modes that means the EV will wait in these modes for the owner’s decision
whether it will support to the local load or the grid. In the case of peak load, the EV
owners are willing to sell their stored energy to the local grid, and the V2G will be
activated. At the EV charger side, only the CC mode is active, the only switch K2 is closed,
and the discharging current is controlled using (7.2) and (7.3) with a predefined EVB
reference current. The grid current is controlled via two loop dc-link voltage Vdc using
(7.5) – (7.7).
In the case of the black out (or the homeowner wants to use the EV battery power), the
EV enters the V2H mode. The GC converter acts as the inverter that converts the dc power
to ac power as per the grid standards to supply power to the local loads. In this case, the
control variable of the GC converter is the output voltage vL as shown in (7.8).

d h = K (v
vL
p

ref
L

KivL ref
− vL ) +
(vL − vL )
s

(7.8)

v

v
Where d h is the modulation index of the PWM block, K pL and K i L are parameters of

the voltage controller CvL (s) .
The dc-link voltage Vdc will be controlled by the DAB converter. K3 is closed while K1
and K2 are opened. The control variables are expressed using (7.9) and (10).

H
p

ref
dc

KiH ref
− Vdc ) +
(Vdc − Vdc )
s

I pri
p

ref
pri

K pri ref
− I pri ) + i ( I pri
− I pri )
s

I pri = K (V
ref

 =K

(7.9)

I

(I
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(7.10)

H
H
V 2H
where K p and Ki are parameters of the voltage controller Cvdc ( s ) .

7.4.2

Control for Charging/Discharging Process of EV to EV

The charging/discharging process of the EV-to-EV is presented in the Fig. 7.8.

Fig. 7.8. The control system of the V2V operation modes.

It is noted that each EV will have its own control system along with a full bridge power
stage. The control system is the same for both. The algorithm on how one EV controls
the charging/discharging over the other EV is shown in Fig. 7.9. Once the UPC is plugged
in, the communication through CAN will be established to exchange the information
between the two EVs. The SoC of the EV1 and EV2 will be checked by BMS-1 and BMS2 to decide which one needs a charge. The EV that gives power will be a master; and the
EV that gets the energy will be a slaver.
The master will take control action to control the charging process. If the SoC of the EV1,
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SoC1EV is greater than the SoC of the EV2, SoC2EV , the EV1 will be in the discharging
mode and will take control of the charging/ discharging process. The control system on
the EV2 will be disabled.

Fig. 7.9. The algorithm of the V2V operation modes.

The charging process will be ended when the SoC of the EV1 reaches the reserved level
EV

of SoC, SoCr e s . The phase shift,



is calculated by (7.11), (7.12). The power transfer

between two EVs can be calculated by (7.13).
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p

ref

 =K

ref
B1

(7.11)

I

I pri
p

(I

ref
pri

Ptrans =
7.5

KiI B ref
− I B1 ) +
( I B1 − I B1 )
s

K pri ref
− I pri ) + i ( I pri
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nVB1VB 2 ( −  )
2 2 f s Lk

(7.13)

Experimental Results of the Proposed Universal Power Connector Charger

The proposed EV charging connector has been manufactured in the laboratory using the
proposed core shown in Fig. 7.10.
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Fig. 7.10. Developing the core in the lab: (a), cutting the core, (b) completed cut-half core, (c)
wiring and finishing the UPC prototype, (d) experiment tests of the UPC prototype, (e) with open
circuit and (f) short circuit.

The amorphous alloy 2605S3A is cut in two halves as shown in Fig. 7.10(a) and Fig.
7.10(b). The Litz wire is used for the primary and secondary windings as shown in Fig.
7.10(c). The initial test set-up of the UPC with the open loop and the closed loop is shown
in Fig. 7.10(d) and the results are shown in Fig. 7.10(e) and Fig. 7.10(f). This test is to
determine the leakage inductance of the core that will be used to design the controllers.
The prototype of the EV charging system that perform the V2X operation using UPC has
been set up in the laboratory as shown in Fig. 7.11. The EVB and the GC converters are
built based on the Silicon Carbide MOSFET, namely CREE MOSFETs C2M0080120D.
A step-up transformer is used for the grid connection with a 25Ω resistor used as the home
load in the V2H operation. The design parameters are shown in Table 7-I.
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Fig. 7.11. The laboratory prototype of the proposed EV charging system with UPC.

TABLE 7-I. EXPERIMENTAL PARAMETERS OF THE SYSTEM
Components

Values

Grid parameters

L1 = L2 =1mH, Cf =1µF
Vg=25V, 50Hz

Vdc
N
fs

40V
45:45
15kHz

K pg = 0.1, Kig = 0.015, K pdc = 0.6, Kidc = 2.2
K VpB = 0.02, KiVB = 0.046, K pI B = 0.01, KiI B = 1.3
K ppri = 0.01, Ki pri = 0.076, K pvL = 1, KivL = 1.2
I

I

K pH = 0.14, KiH = 0.25
A 40 Ah, 26.8 V Lithium iron phosphate (LiFePO4) battery is used as the EVB. There
are three LEM LV25-P voltage sensors and three LEM LA55-P current sensors that are
used for sensing the grid voltage and current, the dc-link voltage, the primary winding
(leakage inductance) current, the EVB current, and the EVB voltage. The NI SbRIO 9606
card from the National Instrument [144] is used to implement the control algorithm.
7.5.1

Operation of the EV Charging Station

Fig. 7.12 shows the results from the experiments of the V2G and G2V operation where
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the power flows from EVB to the grid and vice versa, and the charging process can be
applied at the home charging facility or charging stations where a single-phase ac power
is available.

Fig. 7.12. The experimental results of the V2G and G2V operation.

In both V2G and G2V operations, the grid current will be controlled to achieve the
sinusoidal waveform with the unity power factor. In the G2V operation, the grid current
is out of phase with the grid voltage that means the power is drawn from the grid. In the
V2G operation, the grid current is in phase with the grid voltage showing that the power
is injected into the grid. Fig. 7.13 shows the results from the experiment of the V2H
operation where the power from EVB is used to supply the home load in the case of the
grid absence.

Fig. 7.13. The experimental results of the Vehicle-to-Home operation.
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7.5.2

Vehicle-to-Vehicle Operation

Fig. 7.14 shows the results from the experiments of the V2V operation, where the power
flows from an EV to another EV.

Fig. 7.14. The experimental results of the V2V application: (a) EV1 gets charging and discharging
from/to EV2, (b), (d) the transient of the charging and discharging from EV1 to EV2 and vice versa and
(c) EV2 discharges and getting charge to/from the EV1.

The EV1 is in the charging mode and the EV2 is in the discharging mode. Once the EV1
changes to the discharging mode, the EV2 will be in the charging mode. The power is
exchanged smoothly between two EVs. The transient responses of charging/discharging
during power transfer from EV1 to EV2 and vice versa are shown in Fig. 7.14(b) and (d).
The primary current of the DAB converter does not have any overshoots, as it is limited
by the inner loop of the EVB current control loop.
Fig. 7.15 shows the SoC and the charging/ discharging voltage of the LiFePO4 battery
pack. The data are collected during the charging and discharging process using HIOKI
3198 Power Analyzer. Fig. 7.15(a) shows the SoC curve and the whole pack discharging
voltage during the discharging process of the EV battery from the SoC = 100% at the 26.6
V to the SoC = 62% at the 26.2 V. Fig. 7.15(b) shows the discharging cell voltage from
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3.32 V (SoC=100%) to 3.28V (SoC=62%). All cells are balanced during the discharging
process. Fig. 7.15(c) shows the charging curve of the LiFePO4 the charging process from
SoC initially equals 62% to 100%.

Fig. 7.15. Experimental charging/ discharging characteristic of the LiFePO4 battery pack: (a) the
experiment curves of the estimated SoC and the discharging voltage of the LiFePO4 battery pack, (b) the
experimental curves of the estimated SoC and the cell charging voltage, (c) the experimental charging
voltage and current curves of the LiFePO4 battery pack.

7.6

Summary

In this chapter, a novel magnetic power plug/connector is proposed to support all possible
operation modes for future electric vehicles, which will replace the traditional electric
power plug/connector for EV charging. In the proposed power plug, the power transfer is
achieved through the magnetic link, which not only ensures that a higher efficiency can
be achieved, but it also ensures that galvanic isolation is obtained. Once the proposed
plug/connector is accepted by the EV industries, it is envisaged that a new standard will
be established for the proposed plug/connector. This will help accelerate the EV uptake.
A design of the proposed EV charging system with the proposed UPC has been presented.
All the possible operations of V2X concept are tested through laboratory testing. The
preliminary results show that the proposed UPC with its converters can provide the
bidirectional power transfer efficiently from and to the EVB units. The size and weight
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of the proposed UPC can be reduced further by the integration and optimization of the
printed circuit board (PCB).
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Chapter 8. Reducing Grid Dependency of EV Fast Charging
Using Renewable and Storage Systems
8.1

Introduction

Pure electric vehicles are becoming an emerging technology in the transportation and
power sector because of their zero-emissions [145]. EVs have been enhanced
significantly to allow for a long driving range using novel battery technologies and fast
charging stations. The high penetration of EVs at the grid point of common coupling
(PCC) brings feasible solutions for utilizing EV batteries to stabilize the grid such as
active/reactive power control, PCC voltage and frequency control, or mitigation of the
output fluctuation of renewable energy sources, [146] - [148]. However, high EV
penetration has not been achieved because of several critical barriers such as the high cost
of batteries, limited charging/discharging cycles, and the shortage of public charging
stations with fast charging facilities. The use of fast chargers can result in an unstable grid
as the charging loads can rapidly increase/decrease in an unpredictable manner. The highpower switching converters used in EV chargers can also produce unwanted harmonics
on distribution systems [149]. Based on the power ratings, the EV chargers can be divided
into Level 1, Level 2 and Level 3. Level 1 and Level 2 are typically designed for home
charging and public charging stations with power less than 2 kW of the Level 1 and
around 20 kW of the Level 2 [150]. They are designed to comply with the standard for
120/230V distribution grid voltage level. The adapters both for the charger and the EV
charging plug typically comply with the SAE J1772 standard [151]. Level 3 is for fast
chargers used in commercial charging stations. They are normally connected directly to
the medium voltage three phase systems. Level 3 chargers are designed for a fast charging
using DC with power rating around 100 kW with charging time is less than 30 minutes.
The DC fast charging standards are presented in [151], [152].
EV battery chargers can be integrated in an EV as an on-board charger or separated as an
off-board charger. The power flows between EV batteries and the grid can be
unidirectional or bidirectional. The unidirectional power flow is implemented in all recent
commercial on-board chargers because of the simplicity, and reliability in their topologies
and control. Bidirectional chargers can be controlled to inject the EV battery power into
the grid. With the bidirectional functionality, an EV battery can be considered as an active
distributed source with several operation modes. This can help to stabilize the grid at peak
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demand [153] - [155]. Even though bidirectional chargers have not been widely
commercialized yet, they have received increasing interest from researchers as they can
provide a promising solution for future EVs.
This chapter presents a fast charging infrastructure for EVs in term of the converter and
power control strategies to mitigate the effects of the fast charging on the distribution
grid: Section 8.2 shows an overview of the various topologies of EV battery charger. Brief
strategies for the power control and EV battery charging with selective topologies are
presented in Section 8.3 and Section 8.4. A proposed fast charging infrastructure for EVs
with its control system is presented in Section 8.5.
8.2

EV Battery Charger Topologies

In general, the EV battery chargers are designed based on the DC of AC power converters,
which must have a high-power density, high efficiency. The DC/DC converters are
typically Buck/Boost or switch-mode converters, and the AC/DC converters are based on
uncontrolled or controlled rectifiers. The DC/AC converters are usually based on the Hbridge inverters for the single-phase system or three-leg inverters for the three-phase
system. The charging/ discharging algorithms are implemented digitally using a highperformance processor or a field-programmable gate array (FPGA). Fig. 8.1 shows the
general configuration of an EV charging system. Each type of the power converters used
in Fig. 8.1 (which are numbered from number 1 to number 6) will be discussed in detail.

Fig. 8.1. General configuration of an EV charging system.

The DC/DC converter (labelled 3 in Fig. 8.1) is an H-bridge LLC-resonant converter.
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This converter has high efficiency as it can operate at wide load ranges with zero-voltage
switching (ZVS) [154]. Another Boost PFC topology is presented in [157]. The converter
eliminates the need of the H-bridge rectifier input while still maintains a boost topology,
which can reduce the heat problem; however, this converter can produce electromagnetic
interference (EMI).
The EV batteries can be either charged by an on-board charger (Level 1, 2) or by an offboard charger (Level 3). Fig. 8.1 shows that all on/off-board chargers contain AC/DC
converters and DC/DC converters. However, the topologies and the power ratings of the
converters in each charger are totally different.
A unidirectional on-board EV battery charger for Level 1 and Level 2 is illustrated in Fig.
8.2 [156], in which the AC/DC converter (labelled 1) consists of an H-bridge diode
rectifier and an interleaved DC/DC Boost converter. This converter is controlled to attain
a high-power factor correction (PFC).

Fig. 8.2. A typical topology of an on-board charger with unidirectional power flow [156], [160].

Fig. 8.2 shows that there is a variety of different charger topologies that can be proposed
by changing the components of the AC/DC converter (labelled 1) and the DC/DC
converter (labelled 3). For example, the authors in [158] use a SEPIC PFC to replace the
interleaved boost PFC in the AC/DC converter (labelled 1) to improve the efficiency of
the LLC stage. This converter provides an ultra-wide range operation for the DC link
voltage and is always controlled to operate near the resonant frequency. References [154]
and [159] proposed a bidirectional on-board Level 1 and Level 2 charger.
Fig. 8.3 shows that the authors use an H-bridge boost converter as a AC/DC converter
(labelled 1) and a bidirectional Buck/Boost converter for a DC/DC converter (labelled 3).
This configuration not only can control the EV battery charging current, but also can
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produce reactive power inject to the grid to support grid ancillary services.

Fig. 8.3. A typical topology of an on-board charger with bidirectional power flow, as in [155], [159].

A Level 3 off-board fast charging topology are presented in [146], as shown in Fig. 8.4.

Fig. 8.4. A bidirectional on-board charger for Level 3, as in [146].

Fig. 8.4 shows the topology uses a three phase AC/DC Boost rectifier for the PFC
charging, and reactive power operation. However, this topology is only suitable if the DC
voltage of the EV battery Vbat is higher than Vdc. When the battery Vbat is less than Vdc, a
DC/DC converter is required. This converter can be implemented using a single or
interleaved bidirectional Buck/Boost converter (shown in Fig. 8.5) [161], [162].
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Fig. 8.5. Interleaved bidirectional dc-dc converter (5), as in [161].

Multilevel converters as shown in Fig. 8.6 (a) can be the best candidate topology for Level
3 EV chargers as it can achieve a high-power density while reducing the stress on the
power switching devices.

Fig. 8.6.a) Three-level diode-clamped converter (6), as in [163], and b) Three Level dc-dc Converter
(5), as in [163], [164].

This converter provides a good power quality at the PCC with less harmonic currents
[163]. DC/DC converters with a three-level output voltage have also been studied in
[163], [164], as can be seen in Fig. 8.6 (b). This converter has a high-power density, and
it is currently the best candidate for DC fast chargers. However, the control of this
converter at high power, high frequency is more complex, and the computation of the
control algorithm needs a high-speed DSP or FPGA as normally the space vector
modulation is required. Table 8-I shows the summary of the power converters that have
been proposed or used in an EV battery charger.
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TABLE 8-I. POSSIBILITY OF CONVERTER TOPOLOGIES FOR EV CHARGER
Converter
AC/DC converter (1)

Half-Bridge, Full-Bridge

DC/DC converter (2)

Buck converter

DC/DC converter (3)

Bidirectional
(interleaved)
Buck/Boost
Converter
3 phase 2 level/3 level inverters

DC/AC converter (4)

8.3

Topologies

DC/DC converter (5)

Bidirectional
(interleaved)
Buck/Boost
Converter, multilevel dc-dc Converter

DC/DC converter (6)

3 phase-3 level converters

Power Control Strategy

The energy exchanges between the EVs and the electric grid can be unidirectional or
bidirectional, as shown in Fig. 8.1. Unidirectional power flow chargers use an
uncontrolled rectifier connected to a DC/DC converter [156]. Fig. 8.2 shows a typical
topology for a unidirectional power flow charger using a resonant converter connected
with a full bridge in series. A simple current control will be utilized to control the EV
charging current. Due to the one direction for the power flow, the grid operator can
forecast and therefore manage peak demand at the peak time when a high EV penetration
gets charged at the same time. For a bidirectional power flow charger, the AC/DC
converter is a controlled H-bridge or an active three phase converter while the DC/DC
converter is bidirectional as shown in Fig. 8.3, Fig. 8.4 and Fig. 8.5. The controllers are
more complex with both current and voltage control using PI control. Other control
methods such as adaptive control, fuzzy logic, sliding mode control or predictive control
can be applied for bidirectional EV chargers.
With bidirectional power flow, two operation modes of the EV battery chargers are
defined as grid-to-vehicle (V1G or G2V), vehicle-to-grid (V2G) [154]. The V2G mode
helps bring EV battery become an active distributed resource to make the future grid more
stable and smarter.
The concept of G2V is natural as EVs are normally charged from the grid. This concept
can be extended for renewable energy systems, such as solar photovoltaic (PV) or wind
energy systems, EVs can be charged from the renewable energy systems to minimize the
charged energy from the grid. However, due to the considerable capacity of the EV
batteries, it is possible to utilize EV battery to help stabilize the power grid during peak
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demand as back-up energy storage system. This action using the bidirectional battery
chargers is defined as V2G [146], [155], and [162]. In addition, this operation mode can
be used to support a high penetration of solar PV as EV battery can be utilized as a buffer
energy unit (BEU) to smooth the power fluctuation of solar PV output generation [165].
8.4

Charging/ Discharging Strategies

It is well-known that a large-scale of EV penetration can have severe impacts on the
distribution grid such as the over-heating of distribution transformers, voltage
fluctuations, and harmonic distortion [149], [166], [167]. In the long term, to deal with
aforementioned issues, the upgrade of the grid infrastructure may be required. In the short
term, controlled charging schemes should be applied [168]. There are two charging
strategies: uncoordinated strategy and coordinated strategy. Uncoordinated strategy is
natural when the EV owners will charge the EV battery immediately after they get home
or randomly charge the car from the home power outlet [169]. Uncoordinated charging
causes the distribution grid load to increase rapidly at peak demand. This results in extra
power losses from the over-loaded distribution transformers and cables.
Coordinated charging strategies are the solution to eliminate the effects of high EV
penetration on the grid by optimizing the charging time schedule and the amount of
charging. For example, the rates of electricity will be cheap at night or at specific scheme
when time of use (ToU) is available, a coordinated charging strategy will schedule and
optimize the EV charging time to fit in with the ToU or when demand is low. Authors in
[168] present an intelligent strategy to control the EV charging time associated with TOU
price. This proposed charging schedule was reported to help reduce charging cost and
flatten the load curve. Authors in [169] present the linear programming (LP) method to
optimize the charging rate for each EV to attain the maximization of the total charged
power. Authors in [170] use a real-time smart load management (RT-SLM) method to
minimize the total cost of energy generating associated with energy losses. The method
incorporates the real-time electricity prices and EV owner’s charging behaviour to reduce
the generation cost.
Coordinated charging strategies are utilized with the integration of solar photovoltaic
(PV) energy [171]. The installation of a solar PV system on the residential homes with
EVs and at public charging station sites can eliminate the issues of the increased grid load
caused by high EV penetration [148], [150]. However, the PV power output fluctuates
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and is intermittent in nature. Thus, energy buffer units (EBU) using battery storage can
be integrated to keep the continuous power supply to the connected loads. The integration
of the EBU with the PV offers effective EV charging strategies [172].
8.5

Proposed fast charging infrastructure with renewable and storage system

Based on the research in the Chapter 1 to Chapter 7, one way to replace the internal
combustion engine (ICE) car by EV is to get fast charging systems popular. This chapter
proposes a fast charging infrastructure (FCI) that integrated with energy buffer unit
(EBU) and PV system as shown in Fig. 8.7.

Fig. 8.7. Infrastructure of a future EV fast charging station.

The proposed FCI not only help mitigate effects of the high penetration of PV and EV
into the distribution grid but also plays a key role in the development of the future smart
grid. There are four vital components of the FCI: Grid converter, PV converter, EBU
converter, and EVB converter. All these power converters will share the same dc power
bus. The number of EVs that can be charged concurrently depends on the number of EVB
converters connected to the dc bus. The power flow in the proposed FCI is shown in Fig.
8. 7. The PV power PPV will flow into EBU, EVB, and the distribution grid when the PV
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converter is unidirectional. The EBU power PEBU , EVB power PEVB , and grid power Pg
will flow back and forth between EBU, EVB and the distribution grid when the EBU
converter, EVB converter, and grid converter are bidirectional.
As the power rating per charge ranges from several kilowatts up to hundreds of kilowatts,
if a few EVs are charged concurrently the FCI power rating may need to be a few hundred
kilowatts. Due to this, the criteria design of the FCI in term of power rating will be
considered.
In order to achieve the reliable operation at any scenarios, the power rating of the grid
converter (GC) should be designed in such a way that it can handle the power flow in the
FCI. The power rating of the GC depends on the power rating of the PV converter, EBU
converter, EVB converter and it can be designed based on (8.1) or (8.2).

max
GC

P

=P

max
PV

+P

i=n

max
EBU

max
+  PEVB
i =1

 max max i = n max 
max
PGC
= Max  PPV
, PEBU ,  PEVB 
i =1



(8.1)

(8.2)

max
max
max
max
where PGC
, PPV
, PEBU
, PEVB
are maximum power that grid converter, PV converter,

EBU converter, and EVB converter can deliver, n is the number of EVB converters.
If the power rating of the grid converter is designed based on (8.1), the GC will be capable
for all types of power transfer between PV, EVB, EBU and the distribution grid. In the
worst case of a blackout or during a peak demand, the power delivers to the distributions
grid or local load will be aggregated of the PV power, EVB power and EBU power.
In case the grid converter power rating is designed based on (8.2), this is assumed that it
is impossible for all distributed sources to inject power into the grid at the same time. The
grid power rating can be equal to the maximum power of PV, EBU, and EVB.
The power flow in the FCI is shown in Fig. 8.8. There are four power nodes: A, B, C, D,
which are defined as the aggregated power of each node. The positive sign (+) means the
power flows into the node, (-) means the power flows out the node. The power at each
node can be expressed as (8.3).
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Fig. 8.8. Power flow in the fast charging infrastructure.

 PA = PPV +  0 PgA

B
Ch
 PB = PA + 1 Pg +  2 PEBU

C
Dis
 PC = PB +  3 Pg +  4 PEBU

Ch
 PD = PC +  5 PEVB
 P = P +  P E +  P Dis
D
6 g
7 EBU
 L

(8.3)

The coefficients  i (i=0:7) can be -1 or 0 based on the defined power modes. There are
nine operation modes that are defined in such a way that EVB is preferentially charged
from PV power and EBU power.
Mode 1: The FCI has no EV that needs to be charged, the generated PV power will be
used to charge the EBU, the power flow at node A and node B can be expressed as (8.4).
 PA = PPV

 PB = 0

Ch
 PA − PEBU = 0

0 = 0
(8.4)

1 = 0;  2 = −1

Mode 2: The EBU is fully charged, there is no EV that needs to be charged. The generated
PV power will be used to inject to the grid, the power flow at the power nodes can be
expressed as in (8.5).
A

 0 = −1
 PPV − Pg = 0


 PA = 0, PB = 0, PC = 0, PD = 0

(8.5)

Mode 3: The EBU is fully charged, the EVB will be charged from the PV power only.
The power at the power nodes can be expressed as in (8.6).
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0 = 0
1 = 0;  2 = 0
 3 = 0;  4 = 0

 PA = PPV

 PB = PA

 PC = PB
 P − PCh
EVB
 C

(8.6)

 5 = −1

Mode 4: PV power is insufficient, the EVB will be charged from the generated PV power
and EBU power. The EBU is under the discharging mode. The power flow at the power
nodes can be expressed as (8.7)
 PA

 PB

 PC
P
 C

= PA

0 = 0
1 = 0;  2 = 0

Dis
= PB + PEBU

 3 = 0;  4 = 1

= PPV

Ch
− PEVB
=0

(8.7)

 5 = −1

Mode 5: The EVB will get charged from the PV and grid. There is no EBU power. The
power at the power nodes are shown in (8.8).
 PA = PB = PPV

C
 PC = PB + Pg

Ch
 PC − PEVB = 0

 0 = 0; 1 = 0
 3 = 1;  4 = 0

(8.8)

 5 = −1

Mode 6: There is no PV power, the EVB will be charged from the EBU and the grid. The
power at the power nodes can be expressed as (8.8).
C
Dis

 PC = Pg + PEBU

Ch

 PC − PEVB = 0

 3 = 1;  4 = 1
 5 = −1

(8.8)

Mode 7: The EBU stops discharging as it reaches the minimum SoC, the EVB gets
charged from the grid power only. The power flow at the power nodes can be expressed
as (8.9).
C

 PC = Pg

Ch

 PC − PEVB = 0

 3 = 1;  4 = 0
 5 = −1

(8.9)

Mode 8: It is for local load support in case the grid is disconnected. The power flow at
the power nodes can be expressed as (8.10).
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 PA = PPV

 PB = PA

Dis
 PC = PB + PEBU
P = P
C
 D
Dis
 PL = PD + PEVB

0 = 0
1 = 0;  2 = 0
 3 = 0;  4 = 1
5 = 0

(8.10)

 6 = 0,  7 = 1

Mode 9: It is for grid support in case of the peak demand. The power flow at the power
nodes can be expressed as (8.11).
 PA

 PB

 PC
P
 D
 PD


0 = 0
1 = 0;  2 = 0

= PPV
= PA
= PC

 3 = 0;  4 = 1
5 = 0

Dis
− PgE + PEVB
=0

 6 = −1,  7 = 1

Dis
= PB + PEBU

(8.11)

The summary of the operation modes of the FCI presented above is shown in Table 8-II.
TABLE 8-II. DEFINED OPERATION MODES ASSOCIATED WITH  i
Modes  0  1  3  4  5  6  7
1
0 0 -1
0
0
0
0
2
-1 0
0
0
0
0
0
3
0 0
0
0 -1
0
0
4
0 0
0
1 -1
0
0
5
0 0
1
0 -1
0
0
6
0 0
0
1 -1
0
0
7
0 0
1
0 -1
0
0
8
0 0
0
1
0
0
1
9
0 0
0
1
0 -1
1

Fig. 8.9. Mode transition of the FCI.

The transition between modes is shown in Fig. 8.9. It can be seen that  1 = 0 at any modes,
this is because the FCI will have a functionality of changing the EBU from the grid when
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the electricity price is low. However, in this chapter this mode is not considered, as the
idea is to utilize the generated PV power as much as possible.
8.6

Power Converters of the Fast Charging Infrastructure

Current technology of EV battery and semiconductor device allows EV travel with a long
range of somewhat 400 km that requires a capacity of the EVB of around hundred
kilowatts. Therefore, the power rating FCI will be high enough to deliver the high power
to an EV at less charging time. By considering the high-power parameter, the converter
types are chosen carefully. The power converters in the FCI is shown in Fig. 8.10.

Fig. 8.10. Power Converter and Control diagram of the Fast Charging Infrastructure.
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8.6.1

Grid Converter

A grid converter will play a key role in the FCI to achieve the reliable operation. As
discussed in the previous analysis in Section 8.5, the power rating of the GC should be
chosen based on (8.1) or (8.2). With the previous research on 3L-NPC topology in
Chapter 4 that shows the benefit of 3L-NPC topology of lower current THD, the volume
of the grid filter can be reduced. The 3L-NPC inverter has been chosen for the grid
converter as it has been proven for its high frequency, high voltage high power in the
power system applications with the power ranging of few hundred kilowatts per single
topology. In the past, only power IGBT can handle at this level of power, however, with
the fast development of the silicon carbide MOSFETs which voltage ranging of about
1kV or over and current ranging of about 100A can be achieved at a normal operation
condition.
In addition, with this topology, the upgrade for a higher power level can be made easily
by connecting more MOSFEs in parallel at each leg of the 3L-NPC topology. The grid
converter based on 3L-NPC topology is shown in Fig. 8.10.
8.6.2

PV converter

The PV converter is to track the maximum power from the PV arrays. It is well known
that boost converter has been used for this purpose. However, for a high power, boost
converter will need a big inductor which will result in the high-power loss and reduce the
overall efficiency.
To overcome this disadvantage, an interleaved boost converter is utilized for the PV
converter. This helps increase the system efficiency by reducing core size of the inductor.
In addition, the inductor current ripple is reduced significantly. The PV converter is
shown in Fig. 8.10.
8.6.3

EBU converter and EVB converter

Research in Chapter 6 and Chapter 7 has shown that the DAB converter will be the best
candidate for the EV charger. Taking this result, the DAB converter is used as power
converters to control the charging and discharging of the EBU and EVB. The EBU and
EVB converters are shown in Fig. 8.10. The design criteria of the DAB converter has
been discussed in Chapter 6 and Chapter 7.
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8.7

Control Diagram of the Fast Charging Infrastructure

Based on the defined operation modes presented in Section 8.5, the control flow chart of
the FCI is shown in Fig. 8.11.

Fig. 8.11. Control flow chart of the Fast Charging Infrastructure.

The control system of the FCI will be following the control flow chart as shown in Fig.
8.11. The transition between defined modes is based on the current status of the grid, PV
power, EBU power, and EVB power. The detailed control of each power converter is
shown below.
8.7.1

MPPT control

Fig. 8.12. MPPT control of the PV converter.

The control of PV converter is shown in Fig. 8.12. There is a two-loop control, the outer
loop is PV voltage control VPV , the inner loop is the boost inductor current control I L that
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is calculated as (8. 13).

I L = I L1 + I L2

(8.13)

Where I L1 , I L2 are inductor currents of the interleaved boost converter. The two power
switches will be controlled compensatively. The inductor reference current is calculated
1
1
based on (8.14), where K p , K i are parameters of the voltage controller CV pv (s) .

I

ref
L

=K

1
p

(V

ref
pv

K i1 ref
− V pv ) +
(Vpv − Vpv )
s

(8.14)

2
2
The duty cycle d pv is calculated based on (8.15), where K p , K i are parameters of the

current controller CI L (s) . The duty cycle of compensated switch d pv calculated based on
(8.16).

d pv = K p2 ( I Lref − I L ) +

K i2 ref
( IL − IL )
s

d pv = 1 − d pv
8.7.2

(8.15)

(8.16)

EVB control

Fig. 8.13. The control diagram of EVB converter.

The control of EVB converter is shown in Fig. 8.13. Based on the selected modes as
shown in flow chart in Fig. 8.11, the EVB converter has three control schemes. The
controlled variables are calculated by (8.17) - (8.20).
ref
ref
I EVB
= K 3p (VEVB
− VEVB ) +
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K i3 ref
(VEVB − VEVB )
s

(8.17)

ref
 EVB = K p4 ( I EVB
− I EVB ) +

K i4 ref
( I EVB − I EVB )
s

ref
I EVB
= K 5p (Vdcref − Vdc ) +

Where

K i5 ref
(Vdc − Vdc )
s

(8.18)

(8.19)

V
I
K 3p , Ki3 , K p4 , Ki4 , K 5p , Ki5 , are parameters of CEVB
, CEVB
, CdcEVB controllers,

respectively.
There are three combination of switches K1 and K2 corresponding to three control
schemes of the EVB converter. The first control scheme (8.17) is the EVB current control.
This control is used in the modes where EVB is charging or discharging, in this scheme,
K1 and K2 are opened. The second control scheme (8.17) and (8.18) is the EVB charging
at the constant voltage (CV), in this scheme, K1 is opened and K2 is closed. The third
control scheme (8.17) and (8.19) is the control of dc-link voltage. This control scheme is
chosen in the local support mode (Mode 8) where the EVB power supplies to the local
load. In this scheme, K1 is closed and K2 is opened.
8.7.3

EBU control

The control of EBU converter is similar to the control of EVB converter as shown in Fig.
8.8.

Fig. 8.14. The control diagram of EBU converter.

Based on the selected modes as shown in flow chart in Fig. 8.5, the EBU converter has
three control schemes. The controlled variables are calculated by (8.20) - (8.22).
ref
ref
I EBU
= K p6 (VEBU
− VEBU ) +
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K i6 ref
(VEBU − VEBU )
s

(8.20)

ref
 EBU = K p7 ( I EBU
− I EBU ) +

K i7 ref
( I EBU − I EBU )
s

ref
I EBU
= K 8p (Vdcref − Vdc ) +

K i8 ref
(Vdc − Vdc )
s

(8.21)

(8.22)

6
6
7
7
8
8
V
I
EBU
Where K p , Ki , K p , Ki , K p , Ki , are parameters of CEBU , CEBU , Cdc
controllers,

respectively.
There are three combination of K3 and K4 switches corresponding to three control
schemes of the EBU converter. The first control scheme (8.20) is the EBU current control.
This control is used in the mode, where the EBU is charging or discharging, in this
scheme, K3 and K4 switches are opened. The second control scheme (8.21) and (8.22) is
chosen when the EBU is being charged in the constant voltage (CV) mode, in this scheme,
K3 is opened and K4 is closed. The third control scheme (8.20) and (8.21) is the control
of the dc-link voltage. This control scheme is chosen for the local support mode (Mode
8) where the EBU supplies power to the local load. In this scheme, K3 is closed and K4 is
opened.
8.7.4

GC control

The grid converter has two control schemes, the grid connected and the standalone mode
as shown in Fig. 8.15.
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Fig. 8.15. The control diagram of the GC converter.

The overall control system of the grid converter is shown in Fig. 8.9 and the space vector
modulation (SVM) is chosen as the modulation method due to its lowest harmonic
performance as discussed in Chapter 4. In the grid connected mode, the GC will be an
active rectifier when it delivers power from the distribution gird to EVB, and will be a
grid inverter when it delivers power from PV, EBU, and EVB to the distribution grid. In
this mode, a two-loop control is deployed, the inner control loop controls the active and
reactive power, and the outer loop controls the dc-link voltage Vdc . All the controllers are
designed in the d-q frame as shown in (8.23) - (8.25)

dvdc

i 
 p
kvdc
=  kvdc +
Vdcref − Vdc
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ugd

 p kdi
=  kd +

s


(

u gq

)
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 ref
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(

(

In the standalone mode, the GC acts as an inverter that converts the dc power to ac power
149

to supply the local load. This is the Mode 8, as shown in the flow chart in Fig. 8. 11. The
detailed control of the GC in the standalone mode is shown in Fig. 8. 9. The outer loop is
the output voltage of the GC, vL,abc . All the controllers are designed in the d-q frame.
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 p kLd
ref
ref
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Simulation results of the Fast Charging Infrastructure

To validate the performance of the proposed FCI and its control system, a detailed model
of all power converter switches is programmed in the MATLAB/Simulink environment.
Two lead acid battery banks rated 5 kWh are modelled in Simulink. These battery banks
are considered as the EVB and EBU, respectively. It is noted that there is no limit in the
power rating of the FCI in the simulation environment. The main reason to choose the
power rating of 10 kWh is to match with the experimental system that will be
implemented at the laboratory scale. The SoC of the EVB and EBU can be calculated as
given in (8.30) and (8.31):

SoC

EVB

(t ) =

SoC0EVB

+

SoC EBU (t ) = SoC0EBU +
EVB

where SoC0

EBU

, SoC0

1
C EVB
1

C EBU

t

 iEVB (t )dt

(8.30)

t0
t

 iEBU (t )dt

(8.31)

t0

are the initial SoCs at t = t0, C is the nominal EVB and EBU

capacities, and iEVB (t), iEBU (t) are the EVB and EBU currents at time t.
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The transition between mode 4 to mode 7 is shown in Fig. 8.16.

Fig. 8.16. Simulation results of the transition between Mode 4 to Mode 7.

8.9

Summary

The chapter has investigated the control system of the proposed FCI. Based on the
literature review, the power converters of the FCI have been selected carefully. The
control system has been designed based on the operation modes, which are defined based
on all possibilities of the exchanged power between EVB, EBU, PV and the distribution
grid. The current status of all sources will define each operation mode accordingly. The
control of each power converter utilizes programmable switches to direct the control
scheme to the correspondent mode. The simulation results of all operation modes of the
overall system, showing the transition operations of the various operation modes,
demonstrate the robustness of the proposed FCI. A prototype of the FCI converter will be
implemented at the laboratory scale to perform the proposed control of the FCI. For future
work, more comprehensive tests of all operation modes will be carried out in the
laboratory.
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Chapter 9. Conclusion and Future Work
It is well-known that a large-scale penetration of the RPV system and EVs can bring
severe impacts on the distribution grid if both are not controlled co-ordinately with the
distribution grid. To solve this issue, along with the additional upgrade of the grid
infrastructure, the RPV and EVs should be controlled to maximize their benefit while
mitigating the impacts on the grid. The main contribution of this thesis is to allow high
penetration of RPV and EV on the distribution grid without any modifications or
upgrades. The conclusions and future work are provided below.
9.1

Concluding Remarks

A novel application of the µ-SMES for use in the residential PV systems has been
introduced in Chapter 2. The µ-SMES is implemented with the MgB2 wires. The
conditioning converters with their control technique were presented in detail. This
approach effectively mitigates the power fluctuations from the RPV system. It is a
promising solution to help adopt a high penetration of RPV system.
The advanced control technique of the PV-ESU system that taking the advantage of ToU
has been developed in Chapter 3. The stability and robustness of the whole system
operating under different operating modes has been investigated fully under the different
PV irradiation profiles. The proposed control strategy with the switching modes of the
controllers in each operation mode has been verified with the laboratory prototype.
A new power management strategy with ramp-rate control for an RPV-EBU system has
been developed in Chapter 4. The proposed strategy helps balance effectively between
the PV power generation, EBU power, and the grid power. The added EBU along with
the novel control technique to the residential PV system will make the PV owners free
from the use of grid energy while still helping to mitigate the high-power ramp-rate of the
PV power. By this way, the EBU utilization is maximum and the PV owners will have
the most benefit of PV and EBU system. The details of the component level design of the
proposed system have been presented with both simulation and experimental results to
verify the feasibility of the proposed system and its control algorithm.
A novel HPV-EVB technology for the integration of the residential HPV and EVB has
been developed in Chapter 5. EV battery is considered as a mobile energy storage and it
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will help to store excess PV energy. With the proposed efficient energy management
system, the power always is balanced effectively between the HPV sources, EVB energy,
and the grid demand. This will help to mitigate the intermittency and uncertainty effects
of the HPV and to provide a reliable power output. It is envisaged that the proposed
system with its control algorithm will have a great potential for the future smart grid and
EV applications.
A design of the proposed OB-V2X-EVC using SiC-MOSFETs and amorphous high
frequency link has been presented in Chapter 6. The completed design of the OB-V2XEVC is considerred. The preliminary experimental results prove that the proposed design
of the OB-V2X-EVC can be applied for the future EVs where the on-board charger should
be capable of V2X functionalities.
A novel universal magnetic power plug/connector (UPC) is proposed to support all
possible modes of operations for future electric vehicles has been developed in Chapter
7. In the proposed power plug, the power transfer is achieved through the magnetic link,
which not only ensures that a higher efficiency can be achieved, but it also ensures that
galvanic isolation is obtained. All the operations of the V2X concept are tested. The
preliminary results prove that the proposed UPC with its charging converters can provide
the bidirectional power transfer efficiently from and to the EVB units. This will help
accelerate the EV uptake.
The proposed EV fast charging (level 3) infrastructure is proposed in Chapter 8. This
will help mitigate the impacts of the EV fast charging on the grid, also it will help stabilize
the grid as the stored energy will be injected into the grid when needed.
9.2

Future Works

Several suggestions for future work based on the work described in the thesis are given
below.
There is a need to further expand the work reported in this thesis on the deployment of
EVB, RPV and BSU systems to help mitigate the challenging global environmental
issues.
While the uptake of EVS is still relatively very low, the deployment of EV can only take
off if fast charging infrastructures are available nationwide. In order to achieve this, future
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works should focus on the following three areas:
-

The EV batteries: There are numbers of EV battery technologies that are
suitable for fast charging such as Li-ion batteries. Among the family of Li-ion
batteries, the Lithium Nickel Manganese Cobalt Oxide (NMC) batteries appear
to be most suitable, due to their high specific power and long life. NMC batteries
have been chosen for use in EVs by many EV manufacturers, including General
Motors, Nissan, Volkswagen, and BMW. It is recommended that more attention
is given to the evolving battery technologies to determine the best one to be
applied to EVs.

-

The battery pack: The main objective of designing EV battery system is to
increase the efficient use of its energy and reduce the high costs of battery packs.
It is recommended that more research work should be carried out to address the
following issues: how to equalize the cell voltages in the battery pack, how to
ensure the control of potential voltage and temperature rise during charging and
how to provide a smarter monitoring of the battery pack to detect internal
problems to the battery pack quickly.

-

The EV charger: It is recommended that more research should be carried out to
improve the design of an EV charger, particularly more research effort is needed
to minimize the size and weight of the EV charger by maximizing its power
density, efficiency, and reliability. Further, it is recommended that more
research effort be carried out on the development of advanced bidirectional onboard/off board EV chargers that can be interfaced with the distribution grid on
the residential level (i.e. with the 230/400V, 50 Hz utility grid) to enable the
V2X concept that can enable the development of smart interactive power
networks where the EVB can play an active role in providing support to the
grid.

It is also recommended to expand the research work on the integration of EVB, RPV and
BSU presented in Chapter 8, particularly in the presence of a high penetration of
renewable energy into the distribution grid. The higher the penetration of the solar PV,
the better the EVB can be utilized to mitigate the intermittency of the PV power.
However, the EVB is a mobile energy storage with a limited energy capacity and some
energy must be reserved for essential driving, so there is a limitation on its use for the
mitigation of the intermittent PV output power on the distribution grid. Due to this issue,
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the integration of a station energy storage is needed. This is not only required to mitigate
the effects of both PV and EV on the grid, but also to reduce the dependency on the grid.
By integrating the BSU with the PV system, the EV can be charged at any time with and
without the distribution grid. In order to achieve this target, it is recommended that more
research effort should be given the development more advanced intelligent controllers for
the integration of the EVB, RPV and ESU into the power distribution grid, and more
advanced power electronic converters that interface these devices.
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